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Methane. Methane (CH4), the 8th most abundant component of earth’s 
atmosphere (Jacob, 1999), is a vital fossil fuel for households and industry. In 
the atmosphere methane plays an important role as powerful greenhouse gas, 
25 to 30 times more effective than carbon dioxide (CO2) (Denman et al., 2007; 
Shindell et al., 2009). The increasing concentration of methane in the 
atmosphere causes the temperature to rise on the surface of the earth 
(Conrad, 2009). Global warming is a worldwide concern and therefore 
understanding sources and sinks of methane is important for future models of 
climate change on our planet. Methane is released to the atmosphere from 
natural, geothermal, and anthropogenic sources. The most important sources 
of methane are natural ecosystems (e.g. wetlands, ruminants and termites) 
and anthropogenic activities (e.g. rice paddy fields, landfills, and mining). In 
these systems, the microbial biogenesis of methane is carried out by 
methanogenic Archaea during organic matter decay under anaerobic 
conditions (Thauer, 1998; Conrad, 2009; Etiope et al., 2011). In addition, 
methane is emitted to the atmosphere from geothermal regions like cold 
seeps, mud volcanoes and fumaroles. This emission is the consequence of 
thermal decomposition of organic matter (> 80 °C) inside the earth’s crust 
(Etiope & Klusman, 2002; Conrad, 2009; Etiope et al., 2011). Besides emission, 
sinks of methane are also present on our planet. Atmospheric methane can 
react with the oxygen radical OH● leading to the formation of carbon dioxide 
and water vapor. Methane diffusing from the anaerobic production zones in 
natural ecosystems towards the atmosphere can be oxidized by both aerobic 
and anaerobic methane-oxidizing microorganisms, also known as 
methanotrophs (Forster et al., 2007; Conrad, 2009). These microorganisms are 
assumed to be the major players in keeping the methane balance on our 
planet by oxidizing 50 – 80 % of the biogas (Moss et al., 2000; Forster et al., 
2007; Conrad, 2009). 
 
Methanotrophs. Methanotrophy plays an important role in the methane 
cycle. The microbial oxidation of methane can happen with or without oxygen. 
To date we know that anaerobic methane oxidation (AOM) can take place in 
the presence of various electron acceptors: sulfate (Knittel & Boetius, 2009; 
Milucka et al., 2012); nitrite (Ettwig et al., 2008); nitrate (Raghoebarsing et al., 
2006; Haroon et al., 2013; Arshad et al., 2015); manganese- and iron oxides 
(Beal et al., 2009; Egger et al., 2015; Scheller et al., 2016). Ettwig and co-
workers (2010) showed that AOM can be carried out by Methylomirabilis 
oxyfera-like bacteria, belonging to the NC10 phylum. Interestingly, the 
anaerobic M. oxyfera performs methane oxidation in an intra aerobic fashion 
(Ettwig et al., 2010; 2012) whereby nitric oxide is dismutated to oxygen and 
dinitrogen gas. Many other microorganisms can convert methane aerobically, 
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with oxygen as electron acceptor. These obligate aerobic methanotrophs 
belong to a physiological group of bacteria recognized as methylotrophs. They 
are distinctive in their ability to exploit methane as the only carbon and 
energy source (Hanson & Hanson, 1996). For many years it was believed that 
aerobic methanotrophy was a feature only present in the phylum 
Proteobacteria, specifically in the subphyla Alpha- and Gammaproteobacteria 
(Hanson & Hanson, 1996; Dedysh et al., 2000; Op den Camp et al., 2009). The 
methanotrophic members of the Alphaproteobacteria (also named type II 
methanotrophs) and Gammaproteobacteria (type I methanotrophs) have 
been isolated from many different environments (Hanson & Hanson, 1996). 
The classification of methanotrophs is based on their cell shape, 
ultrastructure, phylogeny, the main phospholipid fatty acids (16C versus 18C), 
and the metabolic pathways for biomass production; the ribulose 
monophosphate (RuMP) pathway versus the serine pathway (Hanson & 
Hanson, 1996; Chistoserdova et al., 2009; Chistoserdova, 2011). It is important 
to keep in mind that not all genera fit into the former classifications 
(Methylocella, Methylohalobius and Methylovulum; Dedysh et al., 2000; Heyer 
et al., 2005; Iguchi et al., 2011).  
 
The discovery of the aerobic verrucomicrobial methanotrophs. The 
methanotrophic members of Alpha- and Gammaproteobacteria were never 
found in methane rich environments with extreme conditions such as a low 
pH together with high temperatures (Op den Camp et al., 2009). In addition to 
the intra-aerobic NC10 phylum (see above; Raghoebarsing et al., 2006; Ettwig 
et al., 2010; Hu et al., 2014) several members of the   Verrucomicrobia were 
recently identified as methanotrophs (Dunfield et al., 2007; Pol et al., 2007; 
Islam et al., 2008; van Teeseling et al., 2014). These verrucomicrobial 
methanotrophs of the genus Methylacidiphilum have been discovered in 
geothermal environments. Previously, a significant amount of methane 
consumption was measured in these regions, distinguished by high 
temperatures (50 - 95 °C) and a very low pH (Castaldi & Tedesco, 2005). These 
measurements showed the possibility of methanotrophy under extreme 
conditions and this was confirmed in late 2007 to early 2008 by three 
independent studies that obtained isolates in pure culture of new aerobic 
methane oxidizing bacteria from volcanic regions at the Solfatara at Pozzuoli 
near Naples (Italy), Hell's Gate, Tikitere (New Zealand) and the Uzon Caldera, 
Kamchatka (Russia) (Pol et al., 2007; Dunfield et al., 2007; Islam et al., 2008). 
Fumaroles such as those located in the Solfatara are characterized by soils 
with a low pH (down to 1.0) and high temperatures (up to 70°C). The 
hydrogen sulfide present in the hot gasses at these sites is oxidized into 
sulphuric acid by microorganisms thereby forming an extremely acidic 
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ecosystem. All three isolates are able to grow at a pH below 1 and 
temperatures up to 65 °C (Dunfield et al., 2007; Pol et al., 2007; Islam et al., 
2008; Op den Camp et al., 2009). Interestingly, based on 16S ribosomal RNA 
gene analysis, all three strains (SolV, V4, and Kam1) were identified as 
members of the Verrucomicrobia phylum and they are part of a single genus 
for which the name Methylacidiphilum was suggested (Op den Camp et al., 
2009; Figure 1). 
 
 
Figure 1. Phylogenetic tree of 16S rRNA gene sequences showing the evolutionary relationships 
of the verrucomicrobial aerobic methanotrophs (strains V4, SolV and Kam1) compared to other 
members of the phylum Verrucomicrobia and other selected phyla (modified from Op den 
Camp et al., 2009). 
 
The link between the widely distributed Verrucomicrobia phylum and a 
geochemical cycle was an exciting discovery. It has been shown that the 
Verrucomicrobia phylum is present in many environments (soils, peat bogs, 
and acid rock drainage), however most members are yet uncultivated and 
their physiology is poorly understood (Wagner & Horn, 2006). Recently, 
molecular indications for the existence of Methylacidiphilum species in 
sewage systems with low pH may suggest that these organisms can also be 
present outside geothermal ecosystems (Pagaling et al., 2014). Furthermore, 
van Teeseling et al., (2014) isolated and characterized three new species of 
mesophilic acidophilic verrucomicrobial methanotrophs from diverse spots at 
the Solfatara crater, which is at the center of the Campi Flegrei caldera, near 
Naples (Italy). Phylogenetic analysis of the 16S rRNA gene of the three 
mesophilic strains demonstrated that they were affiliated with the previously 
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described (Sharp et al., 2014) mesophilic LP2A strain (van Teeseling et al., 
2014). The cluster of mesophilic strains was separated clearly from the 
thermophilic cluster, and the 16S rRNA genes of these new isolates were less 
than 90 % similar to the Methylacidiphilum species (van Teeseling et al., 
2014). Furthermore, the pmoA- and mxaF (xoxF)-based phylogeny showed 
similar clustering compared to the 16S rRNA-based phylogeny (Keltjens et al., 
2014; van Teeseling et al., 2014). Therefore, the new genus name 
Methylacidimicrobium was proposed including the novel species 
Methylacidimicrobium tartarophylax 4AC, Methylacidimicrobium fagopyrum 
3C,  Methylacidimicrobium cyclopophantes 3B and Methylacidimicrobium sp. 
LP2A (van Teeseling et al., 2014; Figure 2). 
 
 
Figure 2. Phylogenetic tree of 16S rRNA gene sequences of methanotrophic and other 
Verrucomicrobia showing the evolutionary relationships of the methanotrophic mesophilic 
strains (Strains 3B, 3C and 4AC) compared to verrucomicrobial aerobic methanotrophs (strains 
V4, SolV and Kam1) and other members of the phylum Verrucomicrobia and other selected 
phyla (modified from van Teeseling et al., 2014). 
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Energy metabolism in aerobic methanotrophs. The aerobic oxidation of 
methane has the following reaction equation: CH4 + 2O2  CO2 + 2H2O 
(∆G° = -773 KJ per mol CH4). During this reaction, methane is oxidized to 
carbon dioxide via the intermediates methanol (CH3OH), formaldehyde (CH2O) 
and formate (CHOOH) (Chistoserdova et al., 2009; Hanson & Hanson, 1996) 
(Figure 3). In this reaction scheme, electrons are transported to a membrane-
bound electron transport chain using a pyrroloquinoline quinone cofactor to 
cytochrome c (methanol dehydrogenase) or NAD (in formaldehyde oxidation 
systems and formate dehydrogenase). The terminal electron acceptor in 
aerobic methane oxidation is oxygen and electron flow through the 
membrane generates a proton motive force that is converted to ATP by the 
ATP synthase enzyme complex. 
 
Figure 3. Methane oxidation pathway in aerobic methanotrophs (Black arrows) with all 
enzymes (boxes) involved in this pathway. (A) The soluble methane monooxygenase (sMMO). 
(B) The particulate methane monooxygenase (pMMO). (C) The methanol dehydrogenase 
(MDH). (D) The formaldehyde dehydrogenase (FADH). (E) The formate dehydrogenase (FDH). 
Formaldehyde is assimilated in type I and type II proteobacterial aerobic methanotrophs via 
ribulose monophosphate (RuMP) and serine pathway (grey arrows), respectively (modified 
from Hanson & Hanson, 1996). In M. fumariolicum strain SolV, methane is oxidized to methanol 
catalyzed by pMMO, and sMMO is absent (1). The gene encoding the MDH is a xoxF ortholog 
(2). FADH is absent (3) and the XoxF-type MDH oxidizes methanol directly to formate instead of 
formaldehyde. The RuMP and serine pathway are absent (4, 5) and carbon dioxide is fixed to 
biomass (the dashed grey arrow) using the Calvin-Benson-Bassham (CBB) enzymes (6). 
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The first step in methane oxidation is catalyzed by the methane 
monooxygenase (MMO) converting methane into methanol. This enzyme 
exists in two distinct forms; the soluble cytoplasmic form (sMMO, NADH-
dependent) and the particulate membrane-associated form (pMMO, 
cytochrome c dependent) (Hanson & Hanson, 1996; Figure 3). In general, 
sMMO is located in the cytoplasm and pMMO is situated in the intra-
cytoplasmic membranes (ICMs) present in many proteobacterial 
methanotrophs (Nguyen et al., 1998; Brantner et al., 2002). The soluble 
cytoplasmic methane monooxygenase (sMMO) is only present in a limited 
number of methanotrophs, in addition to pMMO (Chistoserdova, 2011). Some 
methanotrophs (e.g. Methylocella) have only the sMMO enzyme (Dedysh et 
al., 2005; Theisen et al., 2005). Proteobacterial aerobic methanotrophs may 
possess multiple copies of pmo operons. In type I and type II proteobacterial 
methanotrophs, two almost identical copies of pmoCAB1 were identified 
(Semrau et al., 1995; Murrell et al., 2000). The pmoCAB2 (a different copy of 
pmoCAB1) was reported to be broadly distributed in type II proteobacterial 
methanotrophs and is absent in type I proteobacterial methanotrophs (Baani 
& Liesack, 2008). Recently, a new sequence-divergent pmo was found in type I 
proteobacterial methanotrophs (Tavormina et al., 2011). The existence of 
sequence divergent copies may indicate different physiological functions 
under different environmental conditions. Baani and Liesack (2008) showed 
Methylocystis sp. strain SC2 to possess two pMMO enzymes (encoded by 
pmoCAB1 and pmoCAB2 operons), and they reported a lower apparent Km for 
the pmoCAB2 operon encoded pMMO. Based on the full genomes of M. 
infernorum strain V4 and M. fumariolicum strain SolV and the draft genome of 
M. kamchatkense strain Kam1 the genes encoding for the sMMO subunits 
were absent (Pol et al., 2007; Hou et al., 2008; Op den Camp et al., 2009; 
Anvar et al., 2014; Erikstad & Birkeland, 2015). On the other hand, three 
complete pmoCAB operons were found in these strains and an extra copy of 
the pmoC gene. Khadem et al. (2012b) showed that pmoCAB1 and pmoCAB2 
operons of strain SolV are highly but differentially expressed under oxygen 
limitation and oxygen excess, respectively. Interestingly, one of the three 
pmoCAB operons (pmoCAB3) of strain SolV was not expressed under any of 
conditions tested (Khadem et al., 2012b). The complete genome of M. 
kamchatkense strain Kam1 showed three complete pmoCAB operons and a 
fourth operon without the pmoB gene (Op den Camp et al., 2009; Erikstad et 
al., 2012). It has been shown that growth on methanol instead of methane 
results in a down-regulation of all pmoA genes in strain Kam1 (Erikstad et al., 
2012). 
The second enzyme involved in the aerobic oxidation of methane is the 
PQQ-dependent methanol dehydrogenase (MDH) converting methanol into 
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formaldehyde (Figure 3). This enzyme includes a large and a small subunit 
encoded by the mxaFI genes and needs pyrroloquinoline quinone as cofactor, 
and a cytochrome c electron acceptor, the later encoded by the mxaG gene. 
Recently, Pol et al. (2014) discovered that the MDH of M. fumariolicum strain 
SolV contains lanthanides, while previously studied MDHs have calcium as 
metal in the active site. It has been also shown that the growth of strain SolV 
is dependent on lanthanides. Furthermore, in the verrucomicrobial aerobic 
methanotrophic strains (SolV, Kam1 and V4) the mxaFJGIRSACKLDEHB cluster 
encoding MDH was absent and substituted by xoxFGJ along with the cluster 
pqqABCDEF for biogenesis of the cofactor pyrroloquinoline quinone (Hou et 
al., 2008; Op den Camp et al., 2009; Pol et al., 2014; Keltjens et al., 2014). 
Interestingly, the MDH of strain SolV can directly oxidize methanol to formate 
instead of formaldehyde (Pol et al., 2014). 
The third step in the aerobic oxidation of methane is the conversion of 
formaldehyde to formate. Formaldehyde is a toxic intermediate of methane 
oxidation pathway and its oxidation in methanotrophs is vital for energy 
generation, but also to maintain intracellular formaldehyde concentrations at 
non-toxic levels (Chistoserdova, 2011). Different formaldehyde oxidizing 
systems are present in methylotrophs (Chistoserdova, 2011). Formaldehyde 
oxidation can be carried out by the formaldehyde dehydrogenase (FADH; 
Figure 3). This single enzyme is linked to NAD or mycothiol (Chistoserdova, 
2011). In addition, formaldehyde oxidation can be performed by multi-enzyme 
cofactor linked C1 transfer pathways. Two important pathways for 
formaldehyde oxidation in methylotrophs require H4MPT 
(tetrahydromethanopterin) or H4F (tetrahydrofolate) as cofactor 
(Chistoserdova et al., 2009; Chistoserdova, 2011). In M. fumariolicum strain 
SolV, the enzyme FADH might not be required for methane oxidation (the 
gene is absent), since the XoxF-type MDH is able to oxidize methanol directly 
to formate (Pol et al., 2014). 
The last step in methane oxidation is the conversion of formate into carbon 
dioxide by formate dehydrogenase (FDH; Figure 3). The complete genome of 
strains V4 and SolV and the draft genome of strain Kam1 show that formate 
oxidation is probably conducted by a NAD-dependent formate dehydrogenase 
and a membrane-bound formate dehydrogenase (Pol et al., 2007; Hou et al., 
2008; Anvar et al., 2014; Erikstad & Birkeland, 2015). The interesting feature 
of proteobacterial methanotrophs is their capacity to assimilate 
formaldehyde. The two main pathways used to fix carbon are the RuMP and 
serine pathways which are important for Gammaproteobacteria (Type I) and 
Alphaproteobacteria (Type II) methanotrophs, respectively (Hanson & Hanson, 
1996; Chistoserdova et al., 2009). In the RuMP pathway, the unique enzymes, 
hexulose-6-phosphate synthase and hexulose-6-phosphate isomerase catalyze 
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the reactions to assimilate formaldehyde to form glyceraldehyde-3-phosphate 
as an intermediate of central metabolism (Hanson & Hanson, 1996). In the 
serine pathway, the exclusive reactions are catalyzed by serine hydroxymethyl 
transferase (STHM), hydroxypyruvate reductase (HPR), malate thiokinase 
(MTK) and malyl coenzyme A lyase (MCL) (Hanson & Hanson, 1996). In this 
pathway, both formaldehyde and carbon dioxide are utilized to produce 
acetyl-coenzyme A for biosynthesis. Based on the full genomes of the 
verrucomicrobial methanotrophs strain SolV and V4, and the transcriptome 
data of strain SolV, it is clear that these bacteria do not follow the RuMP or 
serine pathway (Hou et al., 2008; Op den Camp et al., 2009; Anvar et al., 
2014). The genes encoding for key enzymes of the RuMP and serine pathways 
are not present in the genome of strains SolV and V4 (Hou et al., 2008; Op den 
Camp et al., 2009; Anvar et al., 2014). Recently, it has been shown that the 
verrucomicrobial methanotrophs are autotrophs, fixing carbon from carbon 
dioxide using the Calvin-Benson-Bassham (CBB) cycle (Khadem et al., 2011; 
Sharp et al., 2012). The autotrophic growth of verrucomicrobial 
methanotrophs is distinctive, since any physiological evidence for an active 
CBB cycle is lacking in most proteobacterial aerobic methanotrophs (M. 
capsulatus Bath, M. silvestris BL2). Recently, Rasigraf et al. (2014) showed 
autotrophic carbon dioxide fixation via the Calvin-Benson-Bassham cycle by 
the denitrifying methanotroph Methylomirabilis oxyfera belonging to the 
NC10 phylum. In addition to methane oxidation, M. fumariolicum strain SolV is 
able to fix N2 at low oxygen concentrations using an extremely oxygen 
sensitive nitrogenase (Khadem et al., 2010). Furthermore, the storage of 
carbon in strain SolV was demonstrated. Glycogen was formed in the cells 
once ammonium was depleted and methane still being present (Khadem et 
al., 2012c). In that study, cells were collected at different time points during 
growth in the fed-batch cultures and were used for electron microscopy, 
elementary analysis and biochemical analysis of protein and glycogen 
amounts (Khadem et al., 2012c). The appearance of glycogen as such is also 
unique since most proteobacterial methanotrophs are shown to produce PHB 
(polyhydroxybutyric acid) (Linton & Cripps, 1978; Pieja et al., 2011ab; 
Eshinimaev et al., 2002).  
As outlined above, the verrucomicrobial methanotrophs show very 
different physiological and biochemical characteristics compared to their 
proteobacterial counterparts. Together with their role in the methane cycle in 
volcanic areas, this makes it interesting and important species to study.  
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Outline and aim of the thesis. The aim of this Ph.D. research was to elucidate 
the physiology, transcriptome and proteome of Methylacidiphilum 
fumariolicum SolV under conditions relevant to the volcanic ecosystems, in 
order to answer the question how M. fumariolicum strain SolV is able to grow 
and survive under the extreme conditions of its natural habitat. 
Chapter 2 focuses on H2 consumption by M. fumariolicum strain SolV. The 
complete genome of strain SolV shows presence of two hydrogenase gene 
clusters suggesting that strain SolV may be able to use hydrogen as an 
alternative electron donor. We employed physiological experiments using 
batch and continuous cultures, respiration tests, kinetics, phylogenetic and 
transcriptome analysis to show that strain SolV is able to grow as a real 
‘Knallgas’ bacterium on hydrogen/carbon dioxide, without the addition of 
methane under low oxygen concentrations.  
Furthermore, the full genome of strain SolV shows the presence of a haoAB 
gene cluster and denitrifying enzymes suggesting strain SolV is able to handle 
nitrosative stress. In Chapter 3, we performed physiological tests using batch 
and continuous cultures, kinetics and transcriptome analysis to show that 
strain SolV can perform ammonium oxidation, which produces hydroxylamine 
and nitrite causing severe nitrosative stress. Furthermore, strain SolV harbors 
a nirK and norBC that carry out (partial) denitrification to alleviate the 
nitrosative stress. 
In Chapter 4, we employed a bottom-up high-throughput proteomics 
approach to investigate the whole-membrane proteome of M. fumariolicum 
strain SolV. Briefly, protein complexes extracted in their native state were 
separated by blue native polyacrylamide gel electrophoresis, and the profiles 
of the proteins complexes identified by label-free quantitative mass 
spectrometry were constructed by hierarchical clustering. Using this 
approach, we were able to identify 296 unambiguous proteins including 
important protein complexes in methane oxidation pathway (pMMO, MDH, 
putative membrane-bound FDH), carbon fixation (RuBisCO), and the electron 
transport chain (Complexes I to V). 
Chapter 5 focuses on other substrates for strain SolV. CH3SH and H2S 
consumption by M. fumariolicum strain SolV were investigated by 
physiological experiments using sulfur gas chromatography, kinetics and total 
organic carbon analysis to demonstrate that M. fumariolicum strain SolV 
consumes both CH3SH and H2S. Furthermore, in this chapter we used higher 
alkanes including ethane, propane and butane in batch and continuous 
cultures to feed M. fumariolicum strain SolV. The consumption of all 
substrates together with the respiration rates were measured to show strain 
SolV is able to oxidize higher alkanes. 
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Chapter 6 focuses on the H2 metabolism in the mesophilic 
verrucomicrobial methanotroph Methylacidimicrobium tartarophylax strain 
4AC. We employed physiological experiments using batch and continuous 
cultures, respiration tests, phylogenetic and total organic carbon analysis to 
show strain 4AC is able to grow on hydrogen/carbon dioxide, without addition 
of methane. 
Chapter 7 offers a summary of the results obtained in the previous 
chapters as well as possible research lines for further studies. 
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Abstract 
Methanotrophs play a key role in balancing the atmospheric methane 
concentration. Recently, the microbial methanotrophic diversity was extended 
by the discovery of thermoacidophilic methanotrophs belonging to the 
Verrucomicrobia phylum in geothermal areas. Here we show that a 
representative of this new group, Methylacidiphilum fumariolicum SolV, is 
able to grow as a real ‘Knallgas’ bacterium on hydrogen/carbon dioxide, 
without addition of methane. The full genome of strain SolV revealed the 
presence of two hydrogen uptake hydrogenases genes, encoding an oxygen-
sensitive (hup-type) and an oxygen-insensitive enzyme (hhy-type). The hhy-
type hydrogenase was constitutively expressed and active and supported 
growth on hydrogen alone up to a growth rate of 0.03 h-1, at O2 
concentrations below 1.5 %. The oxygen- sensitive hup-type hydrogenase was 
expressed when oxygen was reduced to below 0.2 %. This resulted in an 
increase of the growth rate to a maximum of 0.047 h-1, i.e. 60 % of the rate on 
methane. The results indicate that under natural conditions where both 
hydrogen and methane might be limiting strain SolV may operate primarily as 
a methanotrophic ‘Knallgas’ bacterium. These findings argue for a revision of 
the role of hydrogen in methanotrophic ecosystems, especially in soil and 
related to consumption of atmospheric methane. 
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Introduction 
Methanotrophs form an important sink for the greenhouse gas methane 
and they play a key role in keeping the atmospheric methane concentration in 
balance (Murrell & Jetten, 2009). They limit the amount of biologically or 
geochemically produced methane escaping into the atmosphere. The most 
studied group comprises the aerobic methanotrophs that phylogenetically 
belong to the Gammaproteobacteria and the Alphaproteobacteria (Hanson & 
Hanson 1996). However, the methanotrophic diversity was extended when 
three research groups independently described novel thermoacidophilic 
methanotrophs isolated from geothermal areas in Italy, New Zealand, and 
Russia (Dunfield et al., 2007; Pol et al., 2007; Islam et al., 2008). These novel 
isolates represented a distinct phylogenetic lineage within the phylum 
Verrucomicrobia. They belong to a single genus for which the name 
Methylacidiphilum was proposed (Op den Camp et al., 2009). Recently, a 
second genus of mesophilic, acidophilic verrucomicrobial methanotrophs was 
described, Methylacidimicrobium (van Teeseling et al., 2014). In addition, data 
from cultivation-independent environmental studies (Sharp et al., 2012; 2014) 
indicated that methanotrophic Verrucomicrobia may be present in many more 
moderate-temperature volcanic ecosystems than assumed before. The 
discovery of a verrucomicrobial methanotroph was exciting, since for the first 
time the widely distributed Verrucomicrobia phylum, from which most 
members remain uncultivated, was coupled to a geochemical cycle (Pol et al., 
2007). Initial analyses of our isolate Methylacidiphilum fumariolicum strain 
SolV showed major differences with the classical methanotrophs, e.g. extreme 
acid tolerance, absence of typical membrane structures, distinct enzymes and 
use of rare earth elements for methane oxidation (Pol et al., 2007; Pol et al., 
2014; Keltjens et al., 2014).  
It has long been assumed that methanotrophs are very strict in their diet, 
consuming only methane or methanol and occasionally other C1 compounds 
(Hanson & Hanson, 1996), despite the fact that most of the time a range of 
multi-carbon substrates is available in their environments (Tsien et al., 1989). 
Stimulation of growth by multi-carbon substrates like acetate, malate and 
succinate has been reported already by Whittenbury et al. (1970), but claims 
of growth on such substrates or even sugars for several isolated strains in 
subsequent years have been doubted (for a review see Semrau, 2011). Only in 
recent years convincing evidence has shown that acetate, pyruvate, ethanol, 
malate and succinate can be used for growth, but this seems restricted to 
alpha-proteobacterial methanotrophs (Kelly et al., 2000; Kolb, 2009; Kappler 
& Nouwens, 2013; Knief, 2015). The ecological significance especially of 
acetate consumption would be the increased survival of these methanotrophs 
under natural conditions, where methane concentrations are very low and 
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variable (Belova et al., 2011). Moreover, methane oxidation might be possible 
at much lower concentrations when additional reducing equivalents from 
multi-carbon compounds are available, as speculated by Theisen and Murrell 
(2005). 
In many ecosystems another source of reducing equivalents is available as 
a potential energy source for methanotrophs, i.e. molecular hydrogen. The 
presence of putative hydrogenases has been detected in many different 
(sub)phyla; Proteobacteria, Firmicutes, Cyanobacteria, Aquificae, 
Euryarchaeota, Crenarchaeota and Verrucomicrobia (Greening et al., 2016). 
Hydrogenase-encoding genes were also identified in the genomes of multiple 
proteobacterial obligate methane oxidizers and uptake of hydrogen has been 
reported for Methylosinus sp. (de Bont, 1976), Methylocystis sp. and 
Methylococcus capsulatus Bath (Kelly et al., 2005; Csáki et al., 2001). In 
methanotrophs it is believed that hydrogenases also help to "save" reducing 
equivalents by recycling the hydrogen gas that is produced during nitrogen 
fixation (Bothe et al., 2010). Csáki and co-workers (2001) showed increased H2 
production during nitrogen fixing conditions using a hupLS mutant of 
M. capsulatus Bath. Furthermore, soluble and membrane bound 
hydrogenases have been reported for M. capsulatus Bath and hydrogen was 
shown to be able to supply reducing equivalents for the methane 
monooxygenase (Hanczár et al., 2002). 
The fact that several proteobacterial methanotrophs contain genes 
encoding the large and small subunit of both uptake hydrogenases and the 
ribulose-1,5-bisphosphate carboxylase (RuBisCO) suggests the possibility of 
autotrophic growth. But, attempts to grow M. capsulatus Bath autotrophically 
(on hydrogen and carbon dioxide) in liquid media were not successful (Dalton 
& Whittenbury, 1976; Stanley & Dalton, 1981; Taylor et al., 1981; Baxter et al., 
2002). Autotrophic growth was observed on solid agar media, but no 
physiological studies have been reported to support this (Baxter et al., 2002). 
M. fumariolicum SolV was shown to use the Calvin-Benson-Bassham (CBB) 
cycle for carbon fixation pathways (Khadem et al., 2011), and is capable of 
fixing nitrogen gas (Khadem et al., 2010). Key metabolic genes of the ribulose 
monophosphate and serine pathways are absent (Pol et al., 2007). The full 
genome of strain SolV revealed the presence of two hydrogenase types (hup- 
and hhy-type) (Anvar et al., 2014). Many Group 1 hydrogenases within the hup 
type are known to support growth. While in general hydrogenases are very 
sensitive towards oxygen and function only in anaerobic respiration, the 
Group 1d hydrogenases are known for their relative oxygen tolerance and 
may support aerobic growth in ‘Knallgas’ bacteria. The hhy type genes encode 
the recently discovered Group 5 hydrogenases which are widespread in 
actinobacteria from soil and were supposed to be responsible for 'high 
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affinity’ atmospheric hydrogen uptake (Schäfer et al., 2013; Greening et al., 
2014). The ‘Knallgas’ bacterium Ralstonia eutropha also contains this type of 
hydrogenase which upon isolation appeared to be oxygen insensitive (Schäfer 
et al., 2013). A role for this enzyme is as yet not established. When hydrogen 
was added to methane-consuming cultures of M. fumariolicum SolV, the 
hydrogen was also oxidized (Pol et al., 2007). RNA-seq analysis of SolV cells at 
maximal growth rate (µmax) compared to nitrogen fixing and oxygen limiting 
conditions showed up-regulation of the hup-type hydrogenase at low oxygen 
concentrations, whereas the hhy-type enzyme was constitutively expressed 
(Khadem et al., 2012b). The presence of the CBB-cycle, together with the 
uptake hydrogenase prompted us to investigate the possibility to grow strain 
SolV as a real ‘Knallgas’ bacterium without addition of methane. We used 
physiological experiments in combination with phylogenetic and 
transcriptome analysis to show that strain SolV can grow autotrophically on 
hydrogen and carbon dioxide. 
 
Methods 
Microorganism and medium composition 
Methylacidiphilum fumariolicum strain SolV used in this study was initially 
isolated from the volcanic region Campi Flegrei, near Naples, Italy (Pol et al., 
2007). In this study the medium was composed of 0.2 mM MgCl2.6H2O; 
0.2 mM CaCl2.2H2O; 1 mM Na2SO4; 2 mM K2SO4; 2 mM (NH4)2SO4 (or 5 mM 
KNO3) and 1 mM NaH2PO4.H2O. A trace element solution containing 1 µM 
NiCl2, CoCl2, MoO4Na2, ZnSO4 and CeCl3; 5 µM MnCl2 and FeSO4; 10 µM CuSO4 
and 40-50 µM nitrilotriacetic acid (NTA). The pH of medium was adjusted to 
2.7 using 1 M H2SO4. To avoid precipitation, CaCl2.2H2O and the rest of the 
medium were autoclaved separately and mixed after cooling. This medium 
composition contains all nutrients to obtain an OD600 of 1.0 and was used in 
batch and continuous cultures, unless stated otherwise. 
 
Chemostat cultivation 
To start a continuous culture on hydrogen, we initiated growth on 
methane, while hydrogen was absent. The reactor (Applikon Biotechnology, 
Delft, NL) was operated at 55 °C with stirring at 1000 rpm. The chemostat 
(liquid volume of 1.2 L) was supplied with medium at a flow rate of 30 ml.h-1 
(D = 0.025 h-1). A gas supply of 50 % CH4 (v/v) and 5 % CO2 (v/v) was provided 
by mass flow controllers (MFC) through a sterile filter and sparged into the 
medium at a gas flow rate of 16 to 17 ml.min-1. The dO2 was regulated initially 
at 1 % oxygen saturation for 18 h.  Afterwards, the dO2 set-point was adjusted 
to 0.2 % oxygen for 9 h and an OD600 value of 0.85 was obtained. At this point, 
methane was changed to hydrogen maintaining the total gas flow rate 
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identical to the methane condition and keeping the dO2 value at 0.20 - 0.22 % 
oxygen. The cell-containing medium was removed automatically from the 
chemostat by a peristaltic pump when the liquid level reached the sensor in 
the reactor.  The pH was regulated in the steady state at 3.0 using 0.2 M 
NaOH.  
The continuous culture with CH4 as an electron donor and nitrate (NO3-) as 
N-source had a liquid volume of 550 ml, and was operated at 55 °C with 
stirring at 900 rpm with a stirrer bar. The chemostat was supplied with 
medium at a flow rate of 14.5 ml.h-1 (D = 0.026 h-1). The cell-containing 
medium was removed automatically from the reactor by a peristaltic pump 
when the liquid level reached the sensor in the reactor. Supply of 10 % CH4 
(v/v), 8 % O2 (v/v) and 68 % CO2 (v/v) took place by MFC (total flow ≈ 
20 ml.min-1) through a sterile filter and sparged into the medium just above 
the stirrer bar. The pH was regulated at 2.7 using a 1 M solution of 
bicarbonate. An O2 sensor in the liquid was coupled to a Biocontroller 
(Applikon) regulating the O2 mass controller. 
 
Batch cultivation 
To obtain maximum growth rate (μmax), cells were grown without any 
limitation in 250-ml serum bottles containing 40 ml medium (4 mM NH4+; pH 
2.7), and sealed with red butyl rubber stoppers. The headspace contained air 
with (v/v) 10 % CH4, 5 % CO2 and cultures were incubated at 55 °C with 
shaking at 250 rpm. Incubations were performed in duplicate and 
exponentially growing cells (OD600 = 1) were collected for mRNA isolation and 
Ion TorrentTM sequencing.  
 
Dry weight determination and elemental analysis 
To determine biomass dry-weight concentration, 10 ml of the culture 
suspension (triplicate) were filtered through pre-weighed 0.45 µm filters and 
dried to stable weight in a vacuum oven at 60°C. In order to determine the 
total content of carbon and nitrogen, 10 ml of the culture suspension 
(duplicate) was centrifuged at 4,500 g for 30 min and the clear supernatant 
was used for the analysis. The nitrogen and carbon content in the supernatant 
was compared with the corresponding values in the whole cell suspension. 
The total carbon and nitrogen contents were measured using TOC-L and TNM-
1 analyzers (Shimadzu, Kyoto, Japan). 
 
Respiration experiments 
Respiration rates were measured polarographically in a respiration cell 
with an oxygen microsensor (RC350, Strathkelvin, Motherwell, UK) using 3 ml 
of whole cell suspensions of strain SolV. Methane, hydrogen or oxygen 
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saturated medium were injected to the respiration chamber to obtain the 
desired dissolved gas concentrations. The O2 signal was monitored and 
recorded using SensorTrace Basic software (Unisense, Aarhus, Denmark). The 
temperature and stirring rate in the respiration chamber was adjusted to 55°C 
and 1000 rpm, respectively. Rates were expressed as nmol O2.min-I.mg DW-1 
and when necessary corrected for endogenous respiration. To avoid too high 
oxygen concentrations at the start of an experiment, samples taken from 
cultures were immediately transferred into rubber septum sealed bottles 
under an anoxic atmosphere of nitrogen and carbon dioxide. These bottles 
contained medium in case dilution was necessary. A subsample was taken 
from the bottle by a syringe with a long needle and introduced into the 
respiration chamber at the bottom with the oxygen probe in place while 
pushing out the air via the inlet channel. 
 
Hydrogenase activity assays 
Three ml of cell suspension of strain SolV (OD600 0.3 - 0.4 / mg DW) was 
incubated under an atmosphere of N2 - CO2 - O2 (80 % : 20 % : 0.4 %, v/v/v) in 
60 ml capped serum bottles at 55°C and shaking at 400 rpm. Samples from 
cultures growing on hydrogen were preincubated under the same conditions 
for 30 min in order to consume any hydrogen present in the samples. The 
consumption of added hydrogen was measured using a HP 5890 gas 
chromatograph (Agilent, Santa Clara, USA) equipped with a Porapak Q column 
(1.8 m, ID 2 mm) and a thermal conductivity detector. For all gas analyses 250 
µl gas samples were injected with a glass syringe. 
 
Phylogenetic analysis  
The gene sequences of the large and small subunit of uptake hydrogenases 
from different strains including Methylacidiphilum and Methylacidimicrobium 
species were downloaded from NCBI-GenBank. Conceptual translations into 
amino acids were performed and used for creating an alignment and 
phylogenetic analysis using MEGA 6 software (Tamura et al., 2013). The 
evolutionary history was interpreted using the neighbor-joining method 
(Saitou & Nei, 1987). 
  
RNA isolation and sequencing 
The complete genome sequence of strain SolV (Anvar et al., 2014) which is 
also available at the MicroScope annotation platform 
(https://www.genoscope.cns.fr/agc/microscope/home/) was used as the 
template for the transcriptome analysis (RNA-seq). A 4-ml volume of cells 
(OD600 = 1) was sampled from the continuous cultures (H2 and CH4 grown cells 
under O2 limitation) and from a batch culture (cells at µmax grown on methane 
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without limitation) and harvested by centrifugation. The pellet was further 
used for mRNA isolation using the RiboPure™-Bacteria Kit according to the 
manufacturer’s protocol (ThermoFisher, Waltham, USA). Briefly, cells were 
disrupted by cold Zirconia beads and after centrifugation, 0.2 volumes of 
chloroform was added to the supernatant for initial RNA purification. Next, 0.5 
volumes of 100 % ethanol was added to the aqueous phase obtained after 
chloroform addition and the whole sample was transferred to a filter 
cartridge. After washing, the RNA was eluted from the filter cartridge. 
Afterwards, using MICROBexpress™ kit (ThermoFisher, Waltham, USA) the 
ribosomal RNAs were removed from the total RNA. The rRNA removal 
efficiency was checked using the Agilent 2100 Bioanalyzer (Agilent, Santa 
Clara, USA). Next, Ion Total RNA-Seq Kit v2 (ThermoFisher, Waltham, USA) was 
used to construct the cDNA libraries from rRNA-depleted total RNA. Briefly, 
the rRNA-depleted total RNA was fragmented using RNase III and then, 
reverse transcription was performed on the fragmented RNAs. The obtained 
cDNAs were amplified and further purified to prepare barcoded libraries. To 
prepare the template for the Ion Personal Genome Machine® (PGM™) System, 
a volume of 15 µl from two sample libraries with a concentration of 14 pM 
were mixed. This mixture of two libraries was used to prepare the template-
positive Ion Sphere™ particles (ISPs) using the Ion OneTouch™ 2 instrument. 
Afterwards, the template-positive ISPs were enriched using the Ion 
OneTouch™ ES instrument. Both template preparation and enrichment were 
performed using the Ion PGM™ Template OT2 200 Kit (Ion Torrent, Life 
technologies). Enriched templates were sequenced on an Ion 318™ Chip v2 
using the Ion PGM™ sequencing 200 Kit v2. Expression analysis was performed 
with the RNA-seq Analysis tool from the CLC Genomic Work bench software 
(version 7.0.4, CLC-Bio, Aarhus, Denmark) and values are expressed as RPKM 
(Reads per Kilo base of exon model per Million mapped reads) (Mortazavi 
et al., 2008). 
 
Results 
Hydrogen oxidation by M. fumariolicum SolV cells grown on methane 
Cells from batch cultures of strain SolV growing on methane at maximum 
growth rate (µ = 0.07 h-1) and oxygen concentrations above 10 % showed 
relatively high oxygen consumption rates at the expense of hydrogen, 15 - 20 
nmol.min-1.mg DW-1, which was about 6 % of the oxygen consumption with 
methane (280 nmol.min-1.mg DW-1; Table 1). However, growth on hydrogen 
and carbon dioxide without methane under such conditions was not possible. 
Initial batch tests in bottles showed growth only at (and below) 1 % O2 
concentrations. Since the oxygen consumption results in a rapid decrease of 
the oxygen concentration during batch cultivation, we studied the inhibiting 
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effects of oxygen in a continuous culture for which the dO2 was regulated 
carefully with mass flow controllers (MFC). The hydrogen respiration rate of a 
continuous culture under methane limitation (D = 0.03 h-1) was measured at 
different oxygen concentrations. The initial dO2 was regulated at 0.3 % oxygen 
(1.5 % air) and the hydrogen respiration rate was slightly higher than those in 
batch cultures (20 - 24 nmol O2.min-1.mg DW-1; Table 1), being about 7.5 % of 
the methane respiration rates (268 - 317 nmol O2.min-1.mg DW-1; Table 1). 
When the dO2 was stepwise increased to a final value of 3.2 % oxygen (16 % 
air; each step was stabilized for at least one day), respiration rates were not 
significantly affected. Similarly, measurements in the respiration chamber 
showed that rates were more or less the same at all dO2 values and stable 
during measuring periods of about 2 h. This is a strong indication that the hhy-
type hydrogenase responsible for this activity was constitutively expressed 
under these conditions and most probably oxygen insensitive. 
 
Table 1. The oxygen respiration profile of Methylacidiphilum fumariolicum SolV cells from 
different growth conditions using CH4 or H2. 
 
a In batch and continuous cultures, growth rate refers to µ and D, respectively.  
b The µM units refer to O2 concentrations in the liquid phase in the respiration chamber.  
c The respiration rates are in nmol O2.min-1.mg DW-1.  
d Pre-incubated at 10 % O2 for 30 min.  
e Batch grown after continuous growing for over a year on hydrogen gas only.  
f Measured after exposure to 100 µM O2 in the above respiration experiment.  
g After > 20 generations.  
n.d. = not determined. 
 
When a methane-fed continuous culture was grown under oxygen 
limitation (D = 0.015 h-1), hydrogen respiration measurements became less 
straightforward with inactivation and reactivation events occurring (Figure 1). 
Hydrogen respiration rates measured were at least twice the rate obtained for 
the continuous culture under methane limitation at dO2 values ranging from 
0.3 - 3.2 % oxygen (1.5 – 16 % air; described above). Therefore, it seems that 
under oxygen limitation the oxygen sensitive hup-type hydrogenase is 
Growth 
condition
e- donor Limitation
Growth rate 
(h-1) a
dO2 % O2 (µM) b
H2
respiration c
CH4
respiration c
Batch CH4 - 0.07 > 10 - 15 - 20 280
Continuous CH4 CH4 0.03 0.3 - 16 - 20 - 24 244 - 317
Continuous CH4 O2 0.015 -
> 30
5
12 – 17 d
42
232 – 293
n.d.
Batch H2 - 0.047 0.02 - 0.04 < 5 66 - 71 29 - 39 e
Batch H2 - 0.01 1.5 1 - 100 20 17 e
Continuous H2 O2 0.04 0.01
100
5
17
29 f
> 171 g
n.d.
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expressed in addition to the constitutively expressed oxygen insensitive hhy-
type. 
 
 
Figure 1. (A) Oxygen consumption by strain SolV using a pre-incubated biomass sample at 10 % 
oxygen (and H2) for 30 min. The arrow indicates where the respiration rate increased and the 
dashed line illustrates the increased rate. The respiration rate increased when the oxygen 
concentration was reaching low values (about 20 µM). This pointed to inhibition or reactivation 
after inactivation of an oxygen sensitive hydrogenase. When a sample of this culture was pre-
incubated at an oxygen concentration of 10 % (in the presence of H2) for 10 min, the 
subsequently measured respiration of hydrogen was rather constant (12 - 17 nmol.min-1.mg- 
DW-1; Table 1) till O2 concentrations were reaching values of about 30 µM after which the rates 
increased. The extent of reactivation was depending on the duration of oxygen exposure. Initial 
respiration rates were lower and the extent of reactivation was less upon longer oxygen 
exposure times. (B) The respiration test with minimized oxygen exposure. Strain SolV cells were 
transferred to the respiration chamber with minimal O2 exposure. The solid and dashed arrows 
show the replenishing of O2 and H2, respectively. When oxygen exposure was minimized and 
the respiration experiment was started at low oxygen concentrations, culture samples showed 
a much faster hydrogen respiration, but some reactivation still occurred. The highest rates (42 
nmol.min-1.mg DW-1) were obtained when experiments started with 10 µM O2 and rates were 
constant at this O2 concentration also after twice replenishing the oxygen till 10 µM. More 
repetition resulted in inactivation.  
 
Autotrophic growth of M. fumariolicum SolV on hydrogen 
A batch culture growing at µmax (0.075 h-1) in a bioreactor on methane at 
low oxygen concentration (regulated at 0.2 % oxygen by MFC) also showed 
increased hydrogen oxidizing activity. When the gas supply was changed from 
methane to hydrogen only, the oxygen consumption rate dropped and 
stabilized after 45 min at 13 % of the oxygen consumption rate with methane. 
This hydrogen respiration rate is about double compared to batch cultures at 
high oxygen concentration (which was 6 % of the methane respiration, see 
above) and also clearly higher than the rate observed in the continuous 
culture at dO2 above 0.3 % oxygen (which was 7 % of the methane respiration 
rate, see above). The culture immediately continued growing, since we 
observed a 6 % biomass increase 3 h after the switch from methane to 
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hydrogen (OD600 increased from 0.85 to 0.9). The only carbon source during 
growth on hydrogen was carbon dioxide. 
Results thus far indicated a critical oxygen concentration of about 0.2 %. 
Below this value the oxygen sensitive hup-type hydrogenase seems to be 
expressed. Therefore, the oxygen effect on growth rate was investigated in 
more details in a bioreactor under excess of hydrogen in which dO2 could be 
accurately controlled at values as low as 0.04 % oxygen (equivalent to 0.3 µM 
O2). First growth was achieved batch-wise up to maximum OD600 values of 4 
after which the culture was diluted to OD600 0.1 - 0.2 and restarted as a new 
batch. The dO2 was stepwise changed starting at 0.2 % oxygen. Figure 2 shows 
the growth rates which were calculated when at least one generation of stable 
exponential growth was observed (based on OD600 measurements). The values 
clearly show the oxygen sensitivity of the growth on hydrogen. Highest growth 
rates were observed at the lowest oxygen concentrations. Decreasing the dO2 
from 0.2 % to 0.04 % oxygen resulted in a sharp increase of the growth rate 
while above 0.2 % oxygen, a steady decrease of the growth rate was observed. 
Up to a dO2 value of 1.5 % oxygen we obtained stable growth rates. At a dO2 
value of 2 % oxygen, the growth continued for a few generations but the 
growth rate dropped continuously. In respiration experiments, O2 
consumption was almost constant as observed in samples from the methane 
limited continuous culture (only a slight reactivation was observed below 10 
μM O2). Similarly, batch experiments with bottles showed growth only at (and 
below) 1 % O2 concentrations (no growth was observed at 2.5 and 5 % O2 
concentrations). 
 
 
Figure 2. The effect of oxygen on the growth rate of H2-growing cells. 1 % of O2 saturation is 
equal to 7.5 µM O2 in the liquid. Each set of symbols represents a newly started experiment in 
which cells were grown batch-wise up to maximum OD600 = 4 after which the culture was 
diluted to OD600 0.1 - 0.2 and restarted as a new batch. 
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Cultures at high growth rate exhibited both oxygen sensitive and 
insensitive hydrogenase activity during respiration experiments, similar to our 
observations for the O2 limited culture growing on methane (see above). Cells 
sampled from the batch cultures growing on hydrogen at the highest growth 
rate obtained (µ = 0.047 h-1) were transferred to the respiration chamber 
avoiding O2 exposure. The respiration rates with hydrogen measured were as 
high as 66 - 71 nmol O2.min-1.mg DW-1 (when actual O2 concentration in the 
respiration chamber was below 5 µM; Table 1). When samples were incubated 
in bottles under an atmosphere of 0.5 % hydrogen and 0.1 % or 0.2 % oxygen, 
the hydrogen consumption rate, analysed by gas chromatography, was 220 
nmol H2.min-1.mg DW-1. This correlated very well with the oxygen 
consumption rate when assuming a H2:O2 consumption ratio of 0.32 as was 
determined during respiration experiments. When cells of a culture growing 
under similar conditions (continuous culture on hydrogen at D = 0.04 h-1) 
where exposed to air the hydrogen respiration rate (measured at 100 µM O2) 
was only about 17 nmol O2.min-1.mg DW-1 and this rate was increasing again 
when O2 fell below 50 µM (Table 1). Methane respiration rates of cultures 
when changed from methane to exclusively hydrogen remained high (> 171 
nmol O2.min-1.mg DW-1) for many generations (> 20). However, when a 
continuous culture was grown for over a year on hydrogen only, the methane 
respiration rate had dropped to 29 - 39 nmol O2.min-1.mg DW-1. 
 
Yield 
An oxygen limited continuous culture on hydrogen (D = 0.026 h-1) was used 
to assess the growth yield by accurately measuring the hydrogen 
consumption. Based on dry weight (DW) measurements a yield value of 
3.4 ± 0.1 g DW.mole H2-1 was obtained. Organic carbon analysis of centrifuged 
culture samples revealed the presence of 8 - 10 % of the total organic matter 
in the supernatant, comparable to the amount excreted when growing on 
methane. The stoichiometry of hydrogen respiration was assessed both by the 
oxygen respiration measurements (H2 vs O2) and gas chromatographic analysis 
(for H2 vs CO2) measurements and resulted in the following stoichiometry: 
H2 + 0.32 O2 + 0.19 CO2  0.8 H2O + 0.19 CH2O (biomass) 
 
Kinetics of hydrogen consumption 
Addition of hydrogen to a methane limited culture (D = 0.013 h-1, at dO2 
0.5 – 1 %) resulted in an immediate increase of biomass (DW) and both 
substrates were consumed simultaneously. These conditions favour 
expression of the oxygen insensitive hydrogenase. From respiration 
experiments it was observed that the maximum respiration rate for methane 
was much higher than for hydrogen. For methane the rate dropped when 
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reaching concentrations below 15 µM, in accordance with the affinity 
constant for methane (Ks 6 µM; Pol et al., 2007). In contrast hydrogen 
respiration rates remained constant until hydrogen was consumed completely 
(Figure 3). It was estimated that this equals a hydrogen concentration well 
below 1 µM. 
 
 
Figure 3. Respiration tests to observe the affinity for hydrogen compared for methane. 
Hydrogen oxidation continues with a constant rate until it is almost completely finished (left). 
Assuming the full scale of oxygen consumed equivalent to the added 40 µM of hydrogen the 
rate is maximal down to well below 1 µM of hydrogen (right). 
 
 The kinetics for the oxygen insensitive hydrogenase were more accurately 
assessed in cells grown on hydrogen in batch at dO2 value at 0.8 % (D=0.02 h-1) 
by measuring hydrogen consumption rates in bottles at various hydrogen 
concentrations. When Michaelis-Menten kinetics were fitted (Figure 4), an 
apparent hydrogen Ks of 0.6 µM was obtained (measured Vmax = 127 nmol 
H2.min-1.mg DW-1). Hydrogenase kinetics of cells growing at lower dO2 of 
0.2 %, conditions (D = 0.03 h-1) in which additional expression of the oxygen 
sensitive hydrogenase is expected, showed a higher hydrogen consumption 
rate (Vmax = 159 nmol H2.min-1.mg DW-1) but also a higher affinity constant 
value. Results for this mixed activity of hydrogenases were less accurate, but a 
Ks value of 1.1 µM H2 was estimated (Figure 4). The contribution of the oxygen 
sensitive hydrogenase to the maximum measured respiration rates was 
estimated to be about 2 times higher than that of the oxygen insensitive 
hydrogenase and by simulating Michaelis Menten kinetics we estimated that 
the apparent affinity constant of the oxygen sensitive hydrogenase was 
between 1 and 2 µM. The hydrogen consumption by SolV cells grown on 
methane under oxygen limitation (D = 0.018 h-1) was followed in bottles with 
hydrogen concentrations of 0.5 µM (dO2 in bottles 0.2 %). The consumption 
proceeded according to first order kinetics down to the GC detection level, i.e. 
2 ppm hydrogen in the headspace (equivalent to 1.5 nM). 
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Hydrogenases in the genomes of verrucomicrobial methanotrophs 
The full genome of strain SolV was analysed for hydrogenase-encoding 
genes (including accessory genes) and for comparison identical genes in the 
full and draft genomes of other verrucomicrobial methanotrophs were 
identified (Hou et al., 2008; Sharp et al., 2012; Sharp et al., 2014; van 
Teeseling et al., 2014; Erikstad & Birkeland, 2015). Both thermophilic and 
mesophilic strains contain a hydrogenase encoded by the genes hupS (small 
subunit) and hupL (large subunit; Supplementary Table S1). In addition, we 
identified a second hydrogenase encoded by the genes hhyS (small subunit) 
and hhyL (large subunit), only present in the thermophilic strain SolV and its 
closest relative M. kamchatkensis Kam1 (Supplementary Table S1). Survey of 
the genomes also revealed an electron transport unit (cytB) and several 
accessory genes (Supplementary Table S2 & S3).  
Phylogenetic analysis using the recent classification (Vignais & Billoud, 
2007; Greening et al., 2016) showed that the hup-type hydrogenases of the 
verrucomicrobial methanotrophs belong to the membrane-bound H2-uptake 
[NiFe]-hydrogenases (Figure 5; Group 1). The large subunits all contain L1 and 
L2 motifs typical for Group 1 hydrogenases. 
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Figure 5. The uptake hydrogenase gene-based phylogenetic tree of more than 130 bacterial 
species showing both thermophilic and mesophilic strains contain a hydrogenase encoded by 
the genes hupS (small subunit) and hupL (large subunit). In addition, a second hydrogenase 
encoded by the genes hhyS (small subunit) and hhyL (large subunit) were identified only in our 
thermophilic strain SolV and the close relative strain Kam1. The evolutionary history was 
generated using the neighbor-joining method. The percentage of replicate trees in which the 
associated taxa clustered in the bootstrap test is shown next to the branches. The analysis 
involved 136 nucleotide sequences. Evolutionary analyses were conducted in MEGA6.  
(*) indicates 4 exceptions including Thiorhodococcus drewsii AZ1, Thiocapsa marina, Salmonella 
enterica and Methylocystis parvus which fit to Group 1e and 1c, in addition to Group 1d 
hydrogenases. 
 
The second hhy-type hydrogenase belongs to Group 1h/5 hydrogenases 
(Figure 5), based on the phylogenetic analysis of both the small and large 
subunits. The large subunit contains active site motifs L1 (TSRICGICGDNH) and 
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L2 (SFDPCLPCGVH) that are highly conserved in other Group 1h/5 
hydrogenases. 
Figure 6 shows the gene arrangement of the two hydrogenase types of 
strain SolV. A first cluster includes the genes encoding the Group 1h/5 
hydrogenase (hhyS and hhyL), together with the gene encoding the putative 
maturation like protein (hupD). In close proximity (4.6 kb) the genes encoding 
accessory proteins (hhaBFCDE) are clustered together with a gene encoding a 
high affinity nickel transporter. At another location in the genome we 
identified genes encoding a putative expression/formation protein (hoxQ), a 
putative hydrogenase maturation protease (hycI) and the nickel insertion 
protein (hypA). The second hydrogenase cluster encoding the Group 1d type 
(Figure 6) includes the genes for the large and small subunit (hupSL), the 
expression/formation protein (hupH) and the b-type cytochrome subunit 
(hupZ). Comparison of the gene arrangement with the other two thermophilic 
strains (Figure 6) revealed an almost identical presence and clustering in strain 
Kam1. The genome of strain V4 does not seem to have the genes encoding the 
Group 1h/5 hydrogenase but the clustering of the other genes encoding the 
Group 1d hydrogenase and accessory proteins is identical to strain SolV and 
Kam1 (Figure 6).  
In the mesophilic Methylacidimicrobium strains for which the most 
complete draft genomes are available (strains LP2A and 3C) the genes 
encoding the Group 1d-type hydrogenase show an identical gene clustering 
compared to the thermophilic Methylacidiphilum strains (Supplementary 
Figure S1). Unlike the thermophilic strains, the genes encoding the accessory 
proteins are in close proximity of the functional genes, but on the opposite 
strand. For the other mesophilic strains 4AC and 3B no comparison can be 
made since these draft genomes are too fragmented. 
 
Transcriptome analysis  
Expression levels of housekeeping genes and genes involved in hydrogen 
metabolism were determined for hydrogen- and methane-grown cells (both 
under O2 limited conditions). These values were compared to the expression 
values in cells growing at µmax with methane (without limitation). To 
determine the expression levels of the different genes under different 
conditions, the SolV transcriptome was characterized using IonTorrent PGM 
sequencing of ribosomal RNA depleted total mRNA (RNA-Seq). The sequencing 
reads were first mapped to the ribosomal RNA operon and all tRNA genes, and 
mapped reads were discarded. The remaining reads were mapped to the gene 
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sequences extracted from the genome sequence of strain SolV (Anvar et al., 
2014). The total number of reads obtained and mapped on the coding 
sequences of the genome for each sample together with the calculated 
expression levels (RPKM) is provided in the supplementary material 
(Supplementary Table S4). To compare baseline expression levels, we selected 
a group of 393 housekeeping genes (in total 442.8 kbp) involved in energy 
generation, ribosome assembly, carbon fixation (CBB cycle), C1 metabolism 
(except for pmo), amino acid synthesis, cell wall synthesis, translation, 
transcription, DNA replication, and tRNA synthesis (Khadem et al., 2012b; 
2012c). All ratios of expression levels of the housekeeping genes among these 
conditions were between 0.5 and 2 (Supplementary Table S5). The robustness 
of the transcriptome data was tested using the method of Chaudhuri et al. 
(2011). In this method, the logarithmic value of (RPKM + 1) of each condition 
(in duplicates) was calculated and the values were plotted against each other. 
This resulted in correlation coefficients of 0.80, 0.82, and 0.87 (Supplementary 
Figure S2), showing the high robustness of the transcriptome data.  
We showed that two uptake hydrogenase encoding genes (hupL and hupS) 
were up-regulated in both hydrogen and methane grown cells (both under O2 
limitation) compared to cells growing at µmax. Furthermore, the expression of 
these genes in hydrogen grown cells were about two fold higher compared 
methane grown cells (Table 2). The transcription of the gene encoding the 
[NiFe] hydrogenase b-type cytochrome subunit was significantly up-regulated 
in the hydrogen grown cells compared to the cells grown at µmax with methane 
(about 23 fold). This b-type cytochrome subunit is known to be coupled with 
membrane-bound hydrogenases and involved in the energy conservation. 
Moreover, the putative hupH hydrogenase expression gene was up-regulated 
in the cells grown on hydrogen compared to cells grown at maximum growth 
rate with methane (about 22 fold). On the other hand, the genes encoding the 
Group 1h/5 type hydrogenase (hhyL and hhyS) did not show different 
expression levels in cells grown under the three conditions tested. The same 
holds for the genes encoding the accessory proteins. This points to the Group 
1d type [NiFe] hydrogenase being the inducible oxygen sensitive hydrogenase. 
Furthermore, the transcriptome data showed that the hydrogen treatment 
had no significant influence on expression levels of the RuBisCO subunits. The 
genes encoding the small (cbbS) and large subunit (cbbL) were highly 
expressed under all conditions tested (Table 2; Supplementary Table S4), 
supporting autotrophic growth on hydrogen and carbon dioxide. 
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Discussion 
In their natural ecosystems the methanotroph Methylacidiphilum 
fumariolicum SolV and its close relatives encounter both methane and 
hydrogen under acidic (pH 1-2) and hot (50-70°C) conditions with low 
availability of oxygen (Chiodini et al., 2001; Pol et al., 2007). Physiological 
experiments with both batch and continuous culture of strain SolV described 
in this study showed that this bacterium can grow autotrophically on 
hydrogen and carbon dioxide, using the “Knallgas” reaction to gain energy and 
the RuBisCO pathway for carbon fixation. No supply of methane is needed. 
When growing on methane, hydrogen oxidation was possible under ambient 
oxygen concentration, but growth on hydrogen and carbon dioxide was 
possible only below 1.5 % oxygen. Highest growth rates were obtained when 
oxygen was very low (dO2 < 0.1 %). The maximum specific growth rate on 
hydrogen (0.047 h-1) is about 60 % compared to the growth rate on methane 
(Pol et al., 2007). Assuming the same CO2 : H2 consumption ratio as measured 
at D = 0.0124 h-1, such a growth rate needs a specific hydrogenase activity of 
about 175 nmol H2.min-1.mg DW-1 (the carbon content of DW was 51 %). This 
matches well with the in vitro measured maximum hydrogen uptake rates 
(220 nmol H2.min-1.mg DW-1). The measured yield on hydrogen is about half 
that on methane (3.4 vs. 6.4 g DW/mole CH4, Pol et al., 2007) and slightly 
lower than those reported for ‘Knallgas’ bacteria like Ralstonia eutropha (4.6 
g/mole H2, Morinaga et al., 1978) or Hydrogenomonas eutropha (5 g/mole H2, 
Bongers, 1970). 
Continuous cultures fed with hydrogen under low oxygen conditions 
remained stable for more than a year. Although previous studies have shown 
that co-oxidation of hydrogen together with methane was possible (de Bont, 
1976; Hanczár et al., 2002), to our knowledge this is the first time that a 
methanotroph is shown to grow on hydrogen/carbon dioxide only in liquid 
mineral medium. Baxter et al. (2002) reported growth with hydrogen and 
carbon dioxide on agar plates but not in liquid cultures for several 
methanotrophs but autotrophy was not substantiated by physiological and 
biochemical evidence. The presence of a fully operational Calvin cycle with 
RuBisCO as the key enzyme in verrucomicrobial methanotrophs seems to be a 
pre-requisite for autotrophic growth on hydrogen. 
Recently, it has been shown that microorganisms from a wide diversity of 
ecosystems, ranging from the hypoxic hydrogen-rich habitats of animal guts 
and bog soils to aerated soils and waters containing small quantities of H2, 
possess genes encoding different types of hydrogenases (Greening et al., 
2016). We showed that Methylacidiphilum sp. and Methylacidimicrobium sp. 
representing the acidophilic verrucomicrobial methanotrophs contain genes 
encoding hydrogen uptake hydrogenases (Op den Camp et al., 2009; Sharp et 
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al., 2014; van Teeseling et al., 2014). According to the phylogeny of both the 
large and small subunits, the hup-type hydrogenases in the verrucomicrobial 
methanotrophs belong to the membrane-bound H2-uptake [NiFe]-
hydrogenases (Group 1d), and the hhy-type hydrogenases (present only in 
strains SolV and Kam1) belong to Group 1h/5 hydrogenases as they are not 
membrane anchored (Greening et al., 2016). Based on the phylogenetic 
analysis, we showed that several alpha- and gammaproteobacterial 
methanotrophic species contain hydrogenase genes, and growth with 
hydrogen and carbon dioxide was reported on agar plates but not in liquid 
cultures for several methanotrophs (Baxter et al., 2002). In methanotrophic 
bacteria that cannot fix CO2, hydrogenases may help to save reducing 
equivalents by recycling the hydrogen gas that is produced during nitrogen 
fixation, or supply reducing equivalents for the methane monooxygenase 
(Csáki et al., 2001; Hanczár et al., 2002; Bothe et al., 2010). 
The small subunits of the hup-type hydrogenases contain the typical twin-
arginine signal peptide distinctive for periplasmic membrane bound Group 1 
hydrogenases (Palmer & Berks, 2012). The hup-type hydrogenases of the 
thermophilic strains have features typical for Group 1d. Their large subunit 
contains the typical L1 (xxRICGVCTxxH) and L2 (SFDPCLACxxH) motifs and their 
small subunit contains the conserved motif with 2 extra cysteines (Greening et 
al., 2016). In Ralstonia eutropha these extra cysteines have been shown to 
ligate to an 'exclusive' proximal 4Fe3S cluster that is supposed to render 
hydrogenases extra oxygen tolerance (Fritsch et al., 2011). In contrast, HupS 
subunits of the mesophilic strains do not contain these extra cysteines. 
Instead cysteines seem to be arranged to coordinate a 4Fe4S proximal cluster 
like most Group 1 members (not being the Group 1d type), although one of 
the four cysteines is replaced by an asparagine. A similar change is also 
observed in Group 1f hydrogenases of Roseoflexis, Geobacter and Frankia spp. 
where the cysteine is replaced by asparagine or aspartic acid. Asparagine 
coordination to 4Fe4S is also present in Group 2a hydrogenases. Conserved 
cysteines for the medial FeS cluster (3Fe4S coordinating with 3 cysteines, as in 
Group 1b-g) and distal FeS cluster (4Fe4S, coordinating with 3 cysteines and 1 
histidine, as in Group 1a-h) are present in the HupS of both mesophilic and 
thermophilic strains. The Group 1d hydrogenase in strain SolV was shown to 
be responsible for increased growth rates when dO2 level was below 0.2 % 
(see above).  
Furthermore, we showed that genes encoding an additional hydrogenase 
are present in the thermophilic strains SolV and Kam1. Based on the 
phylogenetic analysis of both its small and large subunits, this hydrogenase 
belongs to Group 1h/5 hydrogenases. They contain active site L1 
(TSRICGICGDNH) and L2 (SFDPCLPCGVH) motifs that are highly conserved in 
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Group 1h/5 hydrogenases and distinct from other Group 1-4 hydrogenases 
(Greening et al., 2016). These hydrogenases are located at the cytoplasmic 
side of the membrane, since they lack the twin-arginine signal peptide in the 
small subunit. The small subunit also lacks the C-terminal membrane span 
alpha helix extension to anchor in a membrane. The proximal FeS cluster is 
reminiscent to the mesophilic counterpart (discussed above) and others in 
Group 1b, f, g in that it has only 3 cysteines available for coordination. The 
fourth position for a 4Fe4S cluster would then be the conserved Asp22 as 
shown for the Group 1h/5 hydrogenase of Ralstonia eutropha (Schäfer, 2014 
thesis) and could be a possible clue to the extreme oxygen tolerance of group 
1h/5 hydrogenases (Supplementary Figure S3). 
The transcriptome analysis clearly showed that the Group 1d hydrogenase 
gene cluster was up-regulated under oxygen limited conditions consistent 
with higher hydrogenase activity and growth rates found at dO2 values below 
0.2 %. Previously, we showed that these two genes were also up-regulated 
under the N2-fixing condition (Khadem et al., 2012b). In contrast, the other 
hydrogenase encoding gene cluster (Group 1h/5) and all accessory proteins 
were similarly expressed under oxygen limited conditions (continuous culture) 
and under oxygen excess conditions (batch culture). This clearly correlates 
with the constant hydrogen uptake (activity) found in respiration experiments 
for cells grown under higher oxygen concentrations (above 0.2 % O2). 
Therefore, we may conclude that the observed growth with hydrogen found 
at these higher dO2 values is supported exclusively by the Group 1h/5 uptake 
hydrogenase. 
Growth on hydrogen only sustained by a Group 1h/5 hydrogenase has not 
been reported before. Other microorganisms expressing Group 1h/5 
hydrogenases activity co-metabolize hydrogen but have not been shown to 
grow on or benefit from this hydrogen consumption. Group 1h/5 hydrogenase 
activity has been reported for Actinobacteria like Mycobacterium smegmatis 
(2.5 nmol.min-1.g DW-1, Greening et al., 2014; 10 µmol.min-1.g protein-1, 
Berney et al., 2014), and Streptomyces strains (0.2 - 2 nmol.min-1.g DW-1, 
Constant et al., 2010), whereas Meredith et al. (2014) reported extremely 
higher Vmax values of 14 - 180 µmol.min-1.g protein-1 for Streptomyces species. 
‘Knallgas’ bacteria like Ralstonia sp. need the Group 1d hydrogenase for 
growth and express relatively low Group 1h/5 hydrogenase activity (Schäfer 
et al., 2013). 
Although the Group 1h/5 hydrogenase of strain SolV was active up to at 
least ambient O2, growth on hydrogen was only observed below 1.5 % O2. 
Clearly other factors also determine the oxygen tolerance during growth on 
hydrogen. The affinity for hydrogen of this enzyme (Ks 0.6 µM) was lower than 
those reported for Group 5 hydrogenases of M. smegmatis (50 nM, Greening 
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et al., 2014) and Streptomyces species (10 nM, Constant et al., 2008; 40-400 
nM, Constant et al., 2010). These Actinobacteria are held responsible for the 
high-affinity hydrogen uptake from the atmosphere (Constant et al., 2010; 
Meredith et al., 2014). The proteobacterial R. eutropha expresses only low 
Group 5 hydrogenase activity and showed a low affinity for hydrogen (Km 3.6 
µM, after purification, Schäfer et al., 2013). 
The hydrogen kinetics of the Group 1d hydrogenase of M. fumariolicum 
SolV, which is active only at low oxygen concentrations, could not be 
determined due to the constitutive expression of Group 1h/5 hydrogenase. 
However, cells with both hydrogenases active exhibited an affinity constant of 
about 1 µM and we estimated that the apparent affinity constant of the 
Group 1d hydrogenase was higher than 1 µM but less than 2 µM, similar to 
that of group 1 containing proteobacterial ‘Knallgas’ bacteria (Ludwig et al., 
2009). 
It should be realized that when using whole cells (or soils) to measure 
hydrogenase kinetics, only a so called apparent affinity constant is obtained, 
which depends on the measured Vmax. This Vmax is not necessarily the Vmax of 
the hydrogenase enzyme but that of the overall reaction that may be limited 
by the follow up steps, being respiration and this may explain the large 
variations found in values (nM to low µM range) of closely related strains that 
contain the same hydrogenase (Greening et al., 2014). As a consequence the 
existence of a high affinity hydrogenase remains doubtful.  
The mesophilic Methylacidimicrobium strains lack a Group 1h/5 
hydrogenase and an O2 tolerant Group 1d hydrogenase. They only possess a 
hydrogenase closely related to group 1b hydrogenases. These are found 
mainly in microorganisms with an anoxic H2 respiration or photosynthesis, or 
supposed to be involved in protection against oxygen like in Geobacter 
sulfurreducens (Coppi et al., 2004). Thus we assumed that these mesophilic 
strains only could grow on hydrogen when oxygen is limited. Preliminary tests 
to grow Methylacidimicrobium tartarophylax 4AC on hydrogen showed that 
the hydrogenase is inactivated when the sensor reading dO2 value is above 
detection limit (0.01 % oxygen) confirming the high sensitivity of this 
hydrogenase to oxygen. 
The presence of an oxygen insensitive (group 1h/5) hydrogenases is of 
great importance for hydrogen consumption in environments like oxic upper 
soil layers that have been reported to take up hydrogen from the atmosphere. 
Although growth of methanotrophic Verrucomicrobia on ppm level ambient 
hydrogen may not be likely, the simultaneous uptake of hydrogen at such low 
concentrations may occur while these bacteria grow on methane and possibly 
hydrogen produced in anoxic layers beneath. Perhaps more interestingly vice 
versa: reducing power of hydrogen may lower the threshold for oxidizing 
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methane as described for methanol (Benstead et al., 1998; Jensen et al., 
1998). This threshold has been suggested to be determined by the availability 
of reductant needed for the first step in methane oxidation. This step is 
performed by a methane monooxygenase and hydrogen has been shown to 
be a suitable donor of reducing equivalents (Hanczár et al., 2002). In the 
volcanic environment from where M. fumariolicum SolV was isolated, 
hydrogen concentrations in emitted gasses are much higher than those of 
methane (Chiodini et al., 2001), and this hydrogen might explain the uptake of 
methane even at atmospheric levels that was reported by Castaldi and 
Tedesco (2005). Greening and co-workers (2016) showed that the occurrence 
of [NiFe] aerobic H2-uptake hydrogenases in the phylum Verrucomicrobia is 
more widespread, and suggests that Verrucomicrobia play a role in the 
hydrogen cycle not only in areas that emit geothermal gasses, but also in 
ecosystems such as rice paddy soil (van Passel et al., 2011), pasture soil (Kant 
et al., 2011) and the human gut (Derrien et al., 2004). 
In conclusion, M. fumariolicum SolV is a real ’Knallgas’ bacterium but also 
able to consume methane and hydrogen simultaneously using an oxygen-
sensitive and oxygen tolerant hydrogenase, respectively. Detailed 
physiological studies and transcriptome analysis of the Methylacidiphilum 
strains that can grow on hydrogen is required to understand this interesting 
group of hydrogenases. Oxygen sensitivity of hydrogenases is a major 
drawback in application (Jugder et al., 2016). In view of the high oxygen 
tolerance of the Group 1h/5 hydrogenase from strain SolV, biochemical and 
biophysical studies of the purified hydrogenase are essential since this enzyme 
has a high potential in biotechnological applications. 
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Supplementary Figure S1. Gene arrangement of the hydrogenases in the mesophilic strains 
LP2A, 3C, 4AC and 3B (top to bottom). Genes are color coded as follows: green = large subunit; 
blue = small subunit; yellow = putative hydrogenase maturation protease; orange = accessory 
proteins; red = b-type cytochrome subunit; purple = putative expression/formation protein; 
grey = Nickel transporter; dark blue = nickel insertion protein. The draft genomes of strains 4AC 
and 3B are fragmented (* = 4AC and 3B contigs).  
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Supplementary Figure S2. Plots of Ln (RPKM + 1) values of 393 housekeeping genes (in total 
442.8 kbp) involved in energy generation, ribosome assembly, carbon fixation (CBB cycle), C1 
metabolism (except for pmo), amino acid synthesis, cell wall synthesis, translation, 
transcription, DNA replication, and tRNA synthesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ln
 (R
P
K
M
+
1)
 v
al
u
e
s 
_
H
2
cu
lt
u
re
Ln (RPKM+1) values_cells at µMax
Ln
 (R
P
K
M
+
1
) 
va
lu
e
s_
C
H
4
cu
lt
u
re
 
Ln (RPKM+1) values_cells at µMax
Ln
 (R
P
K
M
+
1)
 v
al
u
e
s_
C
H
4
cu
lt
u
re
Ln (RPKM+1) values_H2 culture
y = 0.971x
R² = 0.7974
0
2
4
6
8
10
0 2 4 6 8 10
y = 0.9649x
R² = 0.8737
0
2
4
6
8
10
0 2 4 6 8 10
y = 0.9379x
R² = 0.8148
0
2
4
6
8
10
0 2 4 6 8 10
39 
 
 
1.
 M
et
hy
la
ci
di
m
ic
ro
bi
um
 f
ag
op
yr
um
3C
2.
 M
et
hy
la
ci
di
m
ic
ro
bi
um
sp
. L
P2
A
3.
 M
et
hy
la
ci
di
ph
ilu
m
 f
um
ar
io
lic
um
So
lV
hu
p-
ty
pe
 (
C
C
G
92
21
5
)
4.
 M
et
hy
la
ci
di
ph
ilu
m
 k
am
ch
at
ke
ns
e
Ka
m
1 
(K
IE
59
44
8)
5.
 M
et
hy
la
ci
di
ph
ilu
m
 i
nf
er
no
ru
m
V
4 
(Y
P_
00
19
39
97
2)
6.
 R
al
st
on
ia
eu
tr
op
ha
(P
31
89
1)
7.
 M
et
hy
la
ci
di
m
ic
ro
bi
um
 t
ar
ta
ro
ph
yl
ax
4A
C
 (p
eg
.1
87
)
8.
 M
et
hy
la
ci
di
m
ic
ro
bi
um
 c
yc
lo
po
ph
an
te
s
3B
 (p
eg
.2
24
4)
9.
 R
al
st
on
ia
eu
tr
op
ha
(W
P_
01
11
53
98
7)
10
. M
et
hy
la
ci
di
ph
ilu
m
 f
um
ar
io
lic
um
So
lV
hh
y-
ty
pe
 (
C
C
G
92
93
7)
11
. M
et
hy
la
ci
di
ph
ilu
m
 k
am
ch
at
ke
ns
e
Ka
m
1 
(K
IE
58
22
1)
Su
p
p
le
m
e
n
ta
ry
 F
ig
u
re
 S
3
. 
Th
e 
co
n
se
rv
ed
 A
sp
22
 p
re
se
n
t 
in
 t
h
e 
G
ro
u
p
 1
h
/5
 h
yd
ro
ge
n
as
e 
(a
rr
o
w
) 
is
 t
h
e 
fo
u
rt
h
 p
o
si
ti
o
n
 f
o
r 
a 
4
Fe
4
S 
cl
u
st
er
. 
Th
e 
se
q
u
en
ce
s 
n
u
m
b
er
 9
, 
1
0
 a
n
d
 1
1
 a
re
 t
h
e 
G
ro
u
p
 1
h
/5
 h
yd
ro
ge
n
as
e
s 
(h
h
y-
ty
p
e)
 o
f 
R
a
ls
to
n
ia
 e
u
tr
o
p
h
a
, 
M
. 
a
ci
d
ip
h
ilu
m
 S
o
lV
 a
n
d
 M
. 
ka
m
ch
a
tk
en
se
 
K
am
1
, r
es
p
ec
ti
ve
ly
.  
Th
e 
o
th
er
 s
e
q
u
e
n
ce
s 
re
p
re
se
n
t 
th
e 
p
u
ta
ti
ve
 o
xy
ge
n
-s
en
si
ti
ve
 G
ro
u
p
 1
d
 h
yd
ro
ge
n
as
e
s 
(h
u
p
-t
yp
e)
.  
 
40 
 
Supplementary Table S1. An overview of the [NiFe] uptake hydrogenases present in 
verrucomicrobial thermophilic and mesophilic strains isolated from geothermal environments.  
 
a Available at the MicroScope annotation platform.  
b Large subunit. 
c Small subunit. 
d Mesophilic strains are closely related to Group 1b hydrogenases. 
e Strains 4AC and 3B genomes are fragmented. 
f The large subunit of hydrogenase of strain 3C is present in two pieces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Organism Gene 
name 
Gene ID a Hydrogenase
Group
Methylacidiphilum fumariolicum SolV hupL b
hupS c
hhyL
hhyS
MfumV2_1564
MfumV2_1565
MfumV2_0979
MfumV2_0978
Group 1d
Group 1d
Group 1h/5
Group 1h/5
Methylacidiphilum kamchatkensis Kam1 hupL
hupS
hhyL
hhyS
JQNX01_v1_10368
JQNX01_v1_10367
JQNX01_v1_60118
JQNX01_v1_60119
Group 1d
Group 1d
Group 1h/5
Group 1h/5
Methylacidiphilum infernorum V4 hupL
hupS
Minf_1320
Minf_1321
Group 1d
Group 1d
Methylacidimicrobium tartarophylax 4AC d hupL
hupS
60380.peg.187 e
60380.peg.186
Group 1b
Group 1b
Methylacidimicrobium fagopyrum 3C d hupL
hupS
VER3v2_90073 f
VER3v2_90074
VER3v2_90072
Group 1b
Group 1b
Group 1b
Methylacidimicrobium cyclopophantes 3B d hupL
hupS
60379.peg.2444 e
60379.peg.2445
Group 1b
Group 1b
Methylacidimicrobium strain LP2A d hupL
hupS
MAMLP_v1_11153
MAMLP_v1_11152
Group 1b
Group 1b
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Abstract  
The Solfatara volcano (near Naples, Italy), the origin of the recently 
discovered verrucomicrobial methanotroph Methylacidiphilum fumariolicum 
SolV was shown to contain ammonium (NH4+) at concentrations in a range of 
1 - 28 mM. Ammonia (NH3) can be converted to toxic hydroxylamine (NH2OH) 
by the particulate membrane monooxygenase (pMMO) enzyme involved in 
the first step of the methane (CH4) oxidation pathway. Methanotrophs rapidly 
detoxify the intermediate NH2OH. Here, we show that strain SolV performs 
nitrification at a rate of 48.2 nmol.h-1.mg DW-1 under O2 limitation in a 
continuous culture grown on hydrogen (H2) as an electron donor. In addition, 
strain SolV carries out denitrification at a rate of 74.4 nmol.h-1.mg DW-1 under 
anoxic condition at pH 5 – 6. This range of pH was selected to minimize the 
chemical conversion of nitrite (NO2-) potentially occurring at acidic pH. 
Furthermore, at pH 6, we showed that the affinity constants (Ks) of the cells 
for NH3 varies from 5 to 270 µM in the batch incubations with 0.5 – 8 % (v/v) 
CH4, respectively, which suggests a competitive substrate inhibition between 
CH4 and NH3. Using a transcriptome analysis, we showed up-regulation of the 
hydroxylamine oxidase (haoAB) and denitrifying genes (nirk, norBC) of cells 
grown on H2 compared to the cells grown at µmax (with no limitation) 
supporting our physiological data. These observations showed that strain SolV 
can perform nitrification, which produces hydroxylamine and nitrite causing a 
severe nitrosative stress, and further it carries out denitrification to handle 
this stress. The high denitrification rate under anoxic conditions suggests that 
energy generation by denitrification might be possible on inorganic substrates. 
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Introduction 
Methane (CH4) is a powerful greenhouse gas, which is released to the 
atmosphere both from natural and anthropogenic sources. Understanding 
sources and sinks of CH4 is important for future models of climate change on 
our planet. Methane oxidizing microorganisms are one of the most important 
biological sinks of CH4.  
Aerobic methanotrophic bacteria belong to a physiological group of 
bacteria recognized as methylotrophs. The proteobacterial methanotrophs are 
distinctive in their ability to exploit CH4 as the only carbon and energy source 
(Hanson & Hanson, 1996). Recently, three independent research groups 
discovered extreme acidophilic methanotrophic Verrucomicrobia in 
geothermal regions (Dunfield et al., 2007; Pol et al., 2007; Islam et al., 2008). 
Prior to this finding, obligately aerobic methanotrophs were speculated to be 
exclusively in the Alpha and Gamma subclasses of the Proteobacteria. Analysis 
of the 16S ribosomal RNA and pmoA genes demonstrated that the new 
Verrucomicrobia species do not form a monophyletic group with this 
subclasses (Heyer et al., 2005), and the new genus name Methylacidiphilum 
was suggested (Op den Camp et al., 2009). Furthermore, it has been shown 
that the growth of the new acidophilic methanotrophic bacterium 
Methylacidiphilum fumariolicum SolV is strictly dependent on the presence of 
lanthanides as cofactor (Pol et al., 2014). Recently, new species of mesophilic 
acidophilic verrucomicrobial methanotrophs were isolated and characterized 
from a volcanic region in Italy and the new genus Methylacidimicrobium was 
proposed (Sharp et al., 2014; van Teeseling et al., 2014). This finding expands 
the diversity of verrucomicrobial methanotrophs and demonstrates that they 
could be present in much more ecosystems than formerly supposed. The new 
verrucomicrobial strains were shown to be autotrophs that use CH4 as the only 
energy source and fix carbon using the Calvin-Benson-Bassham Cycle (Khadem 
et al., 2011; Sharp et al., 2012; Sharp et al., 2014; van Teeseling et al., 2014), 
and strain SolV was shown to be able to fix N2 (Khadem et al., 2010). 
Methanotrophic and nitrifying microorganisms share many similarities. 
They grow obligately on the specific substrates, CH4 for methanotrophs and 
NH3 for nitrifiers. These molecules are structurally comparable and both are 
highly reduced. Many of these types of microorganisms have intracellular 
membrane structures which are dependent on monooxygenase reactions 
catalyzed by ammonia monooxygenase (AMO) or CH4 monooxygenase 
(MMO). In the first step of aerobic CH4 or NH3 oxidation, monooxygenase 
enzymes introduce a single oxygen atom from O2 into CH4 or NH3, producing 
methanol from CH4 and hydroxylamine from NH3 (Stein et al., 2012). Both 
microorganisms are able to co-oxidize a range of other substrates and are 
inhibited by similar compounds (Bédard & Knowles, 1989; Stein et al., 2012). 
48 
 
Nitrifiers are able to oxidize CH4, and methanotrophs are capable of 
nitrification. It has been shown that in nutrient limited situations, 
methanotrophs do participate in soil nitrification, mainly in the production of 
N2O. Nitrification by aerobic methanotrophs relies on CH4, because they 
cannot grow on NH3 (Stein et al., 2012). Recent studies of CH4 oxidation and 
N2O production in soils using stable isotopes and particular inhibitors offered 
more evidences of role of methanotrophic bacteria in nitrification 
(Mandernack et al., 2000; Lee et al., 2009; Acton & Baggs, 2011; Im et al., 
2011). 
The pMMO enzyme involved in the first step of CH4 oxidation in 
methanotrophs, also oxidizes NH3 (NH4+) to hydroxylamine (NH2OH) (Hanson 
& Hanson, 1996; Nyerges & Stein, 2009; Stein & Klotz, 2011; Stein et al., 2012). 
Ammonia-oxidizers can convey electrons from hydroxylamine oxidation to the 
quinone pool to conserve energy and cellular growth (Klotz & Stein, 2008), but 
methanotrophs lack this system and cannot conserve energy from this 
oxidation. Since the intermediate NH2OH is highly toxic, methanotrophs use 
mechanisms to quickly detoxify it. In the natural environment strain SolV cells 
are faced with 1 – 28 mM ammonium concentrations (Khadem et al., 2010) 
meaning that the cells have to balance assimilation and tolerance in response 
to reactive-N molecules. Detoxification can be achieved by conversion of 
NH2OH back to NH4+ or to NO2- using a hydroxylamine oxidase enzyme. Nitrite, 
which is also toxic, can be further converted to nitrous oxide (N2O) via toxic 
nitric oxide (NO) by denitrifying enzymes under anoxic conditions (Campbell et 
al., 2011). Recently, Kits et al. (2015) reported the reduction of nitrate coupled 
with aerobic methane oxidation under extreme oxygen limited conditions in 
which N2O production was directly supported by CH4 oxidation in 
Methylomonas denitrificans strain FJG1T.  
In the genome of strain SolV, genes encoding enzymes responsible for NO2- 
reduction (nirK) and NO reduction (norB, norC), were identified but the gene 
encoding N2O reductase was absent. A haoAB gene cluster encoding 
hydroxylamine oxidase was also identified, suggesting the ability of 
nitrification and nitrosative stress handling (Khadem et al., 2012a; Anvar et al., 
2014). Previously a pH of 2-3 has been used for physiological studies of strain 
SolV (Khadem et al., 2010; 2011; 2012a; 2012b; 2012c). However, since strain 
SolV has a rather broad pH range for growth (Pol et al., 2007) and can be 
easily adapted to higher pH values, we used the pH range of 5 – 6 to grow 
strain SolV in the present study. This minimized the chemical conversion of 
NO2- occurring at acidic pH (McIlvin & Altabet, 2005; Ryabenko et al., 2009). 
Recently, using growth experiments (batch and continuous cultures) 
together with transcriptome and kinetics analyses, Methylacidiphilum 
fumariolicum SolV was shown to be able to grow as a real ‘Knallgas’ bacterium 
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on hydrogen/carbon dioxide, without addition of methane (Mohammadi et 
al., 2016). Cells grown on H2 still express active pMMO similar to the methane 
culture (Mohammadi et al., 2016). Since we hypothesized that the NH4+ 
oxidation is limited by the presence of CH4, we tested the nitrification rates 
(NH4+ oxidation to NO2-) using a continuous culture grown on hydrogen in the 
absence of CH4 (Mohammadi et al., 2016). Furthermore, we examined the 
affinity of cells for NH4+ using batch cultures with different concentrations of 
methane in a range of 0.5 to 8 % (v/v). The aim of this study was first to 
investigate whether strain SolV can perform nitrification, and secondly, how it 
could detoxify the products of nitrification using physiological tests and 
transcriptome analysis. 
 
Materials & Methods 
Microorganism and medium composition 
Methylacidiphilum fumariolicum strain SolV used in this study was initially 
isolated from the volcanic region Campi Flegrei, near Naples, Italy (Pol et al., 
2007). In this study the medium to obtain an OD600 of 1.0 was composed of 0.2 
mM MgCl2.6H2O; 0.2 mM CaCl2.2H2O; 1 mM Na2SO4; 2 mM K2SO4; 2 mM 
(NH4)2SO4 (or 5 mM KNO3) and 1 mM NaH2PO4.H2O. A trace element solution 
containing 1 µM NiCl2, CoCl2, MoO4Na2, ZnSO4 and CeCl3; 5 µM MnCl2 and 
FeSO4; 10 µM CuSO4 and 40-50 µM nitrilotriacetic acid (NTA). The pH of 
medium was adjusted to 2.7 using 1 M H2SO4 (1 ml H2SO4 per 1 L medium). To 
avoid precipitation, CaCl2.2H2O and the rest of the medium were autoclaved 
separately and mixed after cooling. This medium composition was used in 
batch and continuous cultures, unless otherwise stated. 
 
Chemostat cultivation 
In the continuous culture with CH4 as an electron donor and nitrate (NO3-) 
as N-source (CH4/NO3-), liquid volume was 500 ml, and it was operated at 55°C 
with stirring at 900 rpm with a stirrer bar. The chemostat was supplied with 
medium at a flow rate of 14.5 ml.h-1 (D = 0.026 h-1), using a peristaltic pump. 
The cell-containing medium was removed automatically from the chemostat 
by a peristaltic pump when the liquid level reached the sensor in the reactor. 
A supply of 10 % CH4 (v/v), 8 % O2 (v/v) and 68 % CO2 (v/v) took place by mass 
flow controllers through a sterile filter and sparged into the medium just 
above the stirrer bar (total gas flow rate ≈ 20 ml.min-1). The initial pH was 3.4 
and was regulated with 1 M carbonate connected to the vessel by a peristaltic 
pump. The pH was gradually increased to 6 and after obtaining a steady state, 
all experiments were performed at this pH. In the continuous culture with H2 
as an electron donor and NH4+ as N-source (H2/NH4+), liquid volume was 1.2 L 
and this culture was operated at 55 °C with stirring at 1000 rpm.  
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The chemostat was supplied with medium at a flow rate of 29.9 ml.h-1 
(D=0.023 h-1). A gas supply of 12 % H2 (v/v), 10 % air (v/v) and 5 % CO2 (v/v) 
was provided by mass flow controllers through a sterile filter and sparged into 
the medium (total gas flow rate ≈ 16.5 ml.min-1). The initial pH was 2.9 and the 
pH was regulated by 1 M NaOH. A pH range from 3 to 5.5 was investigated in 
the steady state. In the continuous culture with CH4 as an electron donor and 
NH4+ as N-source (CH4/NH4+), the liquid volume was 0.3 L and the culture was 
operated at 55 °C with stirring at 700 rpm at pH 2.7. The chemostat was 
supplied with medium at a flow rate of 0.35 ml.h-1 (D = 0.0012 h-1). A gas 
supply of 0.16 % CH4 (v/v), 0.6 % O2 (v/v) and 5 % CO2 (v/v) was directed by 
mass flow controllers through a sterile filter and sparged into the medium 
(total gas flow rate ≈ 10 ml.min-1). An O2 sensor in the liquid was coupled to a 
Biocontroller (Applikon, Delft, NL) regulating the O2 mass controller in each 
reactor. 
 
Batch cultivation 
In order to obtain maximum growth rate (μmax), cells were grown without 
any limitation in 250-ml serum bottles containing 40 ml medium (4 mM NH4+; 
pH 2.7), and sealed with red butyl rubber stoppers. The headspace contained 
air with (v/v) 10 % CH4, 5 % CO2 at 55 °C with shaking at 250 rpm. Incubations 
were performed in duplicate and exponentially growing cells were collected 
for mRNA isolation and Ion TorrentTM sequencing.  
 
Gas analysis 
Nitric oxide and nitrous oxide (NO and N2O) were analyzed on an Agilent 
series 6890 gas chromatograph (Agilent, USA) equipped with a Porapak Q and 
a Molecular sieve column, coupled to a thermal conductivity detector and 
mass spectrometer (MS; Agilent 5975 Cinert MSD; Agilent, USA) as described 
before (Ettwig et al., 2008). For all gas analyses, 100 µl gas samples were 
injected into the gas chromatograph. Furthermore, nitric oxide production 
was monitored directly from the gas outlet of the reactors using a nitric oxide 
analyser (NOA 280i, GE) with a suction rate of 11.6 ml.min-1. 
 
Dry-weight determination and elemental analysis 
To determine the dry weight, samples of 8 - 10 ml from the culture 
suspension were filtered through pre-weighed 0.45 mm filters and dried to 
constant weight in a vacuum oven at 70°C (n = 3). In order to determine the 
total content of carbon and nitrogen, 10 ml of the culture suspension 
(duplicate) was centrifuged at 4,500 g for 30 min and the clear supernatant 
was used for the analysis. The nitrogen and carbon content in the supernatant 
was compared with the corresponding values in the whole cell suspension. 
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The total carbon and nitrogen contents were measured using TOC-L and TNM-
1 analyzers (Shimadzu, Kyoto, Japan). 
 
Nitrite, ammonium and hydroxylamine analysis 
In order to determine nitrite (NO2-) concentrations, 50 µl of sample and 
450 µl of MilliQ water were added to a cuvette. Then, 500 µl of reagent A (1 % 
(w/v) sulfanilic acid in 1M HCl; kept in the dark) and 500 µl of reagent B (0.1 % 
(w/v) naphtylethylene diaminedihydrochloride (NED) in water; kept at 4°C in 
the dark) were added to the same cuvette and mixed well. After incubation for 
10 min at room temperature, the absorbance at 540 nm was measured and 
the values were compared with a calibration curve using known 
concentrations of nitrite in a range of 0 – 0.5 mM. If necessary, the sensitivity 
of this assay increased 10 fold using 500 µl samples without addition of water. 
NH4+ concentrations were measured using the ortho phthaldialdehyde (OPA) 
method (Taylor et al., 1974). In order to determine hydroxylamine 
concentrations, 200 μl reagent A (50 mM potassium phosphate buffer pH 7), 
160 μl demineralized water, 200 μl sample, 40 μl reagent B (12 % (w/v) 
trichloroacetic acid in water, kept in the dark), 200 μl reagent C (1 % w/v 8-
hydroxyquinoline (quinolinol) in 100 % ethanol, kept in the dark) and 200 μl 
reagent D (1 M Na2CO3) were mixed and incubated at 100 °C for 1 min. The 
absorption was measured at 705 nm and the values were compared to a 
calibration curve using hydroxylamine concentrations 0.02 – 0.1 mM. 
 
Activity assays 
To determine an affinity constant of pMMO for NH3 of each sample, a 
volume of 5 ml of cells from the CH4/NO3- continuous culture were washed 
and resuspended in the same medium at pH 6 (The pH of medium was 
adjusted to 6 using MES buffer in a final concentration of 25 mM), transferred 
to a 60-ml serum bottle and capped. After a pre-incubation for 30 min, CH4 
was added to each bottle in final concentrations of 0.5, 1, 2, 3, 4 and 8 % (v/v). 
In each incubation with a certain concentration of CH4, NH4+ was added in a 
range of 0.5 – 16 mM. The initial production of NO2- was measured, and the 
values were normalized to the total protein content of the cells. Incubations 
were performed at 55 °C and shaking at 380 rpm. 
 
RNA isolation and transcriptome analysis 
The complete genome sequence of strain SolV which is also available at the 
MicroScope annotation platform 
(https://www.genoscope.cns.fr/agc/microscope/home/) was used as the 
template for the transcriptome analysis (RNA-seq) (Anvar et al., 2014). A 4-ml 
volume of cells (OD600 = 1) was sampled from the continuous cultures (H2 and 
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CH4 grown cells under O2 limitation) and from a batch culture (cells at µmax 
grown on methane without limitation) and harvested by centrifugation. The 
pellet was further used for mRNA isolation using the RiboPure™-Bacteria Kit 
according to the manufacturer’s protocol (ThermoFisher, Waltham, USA). 
Briefly, cells were disrupted by cold Zirconia beads and after centrifugation, 
0.2 volumes of chloroform was added to the supernatant for initial RNA 
purification. Next, 0.5 volumes of 100 % ethanol was added to the aqueous 
phase obtained after chloroform addition and the whole sample was 
transferred to a filter cartridge. After washing, the RNA was eluted from the 
filter cartridge. Afterwards, using MICROBexpress™ kit (ThermoFisher, 
Waltham, USA) the ribosomal RNAs were removed from the total RNA. The 
rRNA removal efficiency was checked using the Agilent 2100 Bioanalyzer 
(Agilent, Santa Clara, USA). Next, Ion Total RNA-Seq Kit v2 (ThermoFisher, 
Waltham, USA) was used to construct the cDNA libraries from rRNA-depleted 
total RNA. Briefly, the rRNA-depleted total RNA was fragmented using RNase 
III and then, reverse transcription was performed on the fragmented RNAs. 
The obtained cDNAs were amplified and further purified to prepare barcoded 
libraries. To prepare the template for the Ion Personal Genome Machine® 
(PGM™) System, a volume of 15 µl from two sample libraries with a 
concentration of 14 pM were mixed. This mixture of two libraries was used to 
prepare the template-positive Ion Sphere™ particles (ISPs) using the Ion 
OneTouch™ 2 instrument. Afterwards, the template-positive ISPs were 
enriched using the Ion OneTouch™ ES instrument. Both template preparation 
and enrichment were performed using the Ion PGM™ Template OT2 200 Kit 
(Ion Torrent, Life technologies). Enriched templates were sequenced on an Ion 
318™ Chip v2 using the Ion PGM™ sequencing 200 Kit v2. Expression analysis 
was performed with the RNA-seq Analysis tool from the CLC Genomic Work 
bench software (version 7.0.4, CLC-Bio, Aarhus, Denmark) and values are 
expressed as RPKM (Reads per Kilo base of exon model per Million mapped 
reads) (Mortazavi et al., 2008). 
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Results 
Physiological tests regarding nitrification and denitrification pathways 
To study nitrosative stress, three continuous cultures were used. In the 
first, cells were grown on low concentrations of CH4 with NH4+ as N-source at 
pH 3 (CH4/NH4+). In the second, cells were grown on H2, and NH4+ was also 
used as N-source at pH 3-5.5 (H2/NH4+). These cells still express active pMMO 
similar to the CH4 culture. In the third, cells were grown on CH4, and NO3- was 
used as N-source at pH 6 (CH4/NO3-). In the second and third cultures, oxygen 
was limiting. Using a NOx analyser and GC-MS, we demonstrated that in the 
CH4/NH4+ culture with low actual CH4 concentrations in the liquid (0.3 µM) and 
with NH4+ (4 mM), nitrosative stress was not yet occurring as NO2- was not 
detected, and N2O production rate was only 0.015 nmol.h-1.mg DW-1 which 
was 12,000 fold less than the conversion rate of methane (Table 1; 180 
nmol.h-1.mg DW-1). In order to increase nitrosative stress, we used a 
continuous culture grown on H2 in the absence of CH4 and several conditions 
were tested.  
 
Table 1. The overview of nitrification and denitrification rates calculated in each continuous 
culture at two different pH values. 
 
a NH4+ and NH3 concentrations are in mM and µM, respectively.  
b Nitrification and denitrification rates are in nmol.h-1.mg DW-1.  
c Denitrification rates under anoxic conditions.  
d BDL: below detection limit.  
e ND: not determined.  
f All values are the average of two replicates of same continuous culture. 
 
Initially, the production of NO2-, NO and N2O were measured under steady 
state conditions at a pH range of 3 - 5.5 under O2 limitation (Figure 1). We 
showed that the NO2-, NO and N2O concentrations were elevated by increasing 
the pH from 3 to 5.5 in the presence of 4 mM NH4+. It is important to keep in 
mind that changing pH from 3 to 5.5 introduces more NH3 in the medium. The 
NH3 concentration in a range of 12 nM to 5 µM was calculated using the 
Henderson–Hasselbalch equation (Hütter, 1989), considering the temperature 
at 55 °C at pH 3 to 5.5, respectively. 
 
Continuous cultures
CH4/NH4+ H2/NH4+
pH 3 pH 5.5 pH 3 pH 5.5
NH4+ (NH3) a 4 (0.02) 4 (5) 4 (0.02) 4 (5)
Nitrification b BDL d ND e 0.12 f 48.2
Denitrification b ND ND BDL 0.8
Denitrification bc 0.015 ND 0.011 74.4
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At pH 5.5, we measured a nitrite concentration at about 420 µM in the reactor 
(Figure 2) offering a production rate at ≈ 48 nmol.h-1.mg DW-1, while the nitrite 
production at pH 3 was very limited. Based on the clear effect of increasing pH 
on the production of nitrite, one could speculate that the real substrate for 
pMMO to produce NO2- is NH3 (not NH4+). Furthermore, the denitrifying 
activities (NO and N2O production) were measured at 0.81 nmol.h-1.mg DW-1 
(1.7 % of nitrification rate) which is 53 fold higher than that in the CH4/NH4+ 
culture (Table 1). A rapid NO2- consumption (≈ 83 nmol.h-1.mg DW-1) was 
observed when O2 supply was switched off completely (Figure 2), and the 
denitrification rate (as NO and N2O) increased approximately 100 fold 
(74.4 nmol.h-1.mg DW-1). 
 
Figure 2. The concentrations of NO2-, NO and N2O in the H2/NH4+ continuous culture at pH 5.5 
(1.2 L; D = 0.023 h-1; OD600 = 0.85; O2 limited; 4mM NH4+). Nitrite (open rectangles), NO (the 
solid line), N2O (open circles) were determined under O2 limitation and anoxic conditions. The 
round-dotted arrow indicates the oxic to anoxic, the solid arrow indicates the anoxic to oxic 
condition and the dashed line shows the total N during the experimental phase. The decrease of 
N2O levels was because of the continuous dilution of the gas present in the reactor headspace 
(total gas flow rate in the outlet ≈ 15 ml.min-1). 
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Figure 1. The concentration of 
NO2- (open rectangles) and 
production rates of NO (open 
triangles) and N2O (open circles) 
at pH values from 3 to 5.5 in the 
H2/NH4+ continuous culture (1.2 L; 
D = 0.023 h-1; OD600 = 0.85; O2 
limited; 4 mM NH4+). The amounts 
of NO2-, NO and N2O were 
determined when cells in the 
reactor reached the steady state. 
Each data point represents the 
average of two replicates.  
55 
 
 A rapid initial increase of NO suggests that conversion to N2O is the rate 
limiting step. The decrease of N2O levels was because of the continuous 
dilution of the gas present in the reactor headspace (total gas flow rate in the 
outlet ≈ 15 ml.min-1). The values of 1 – 5 µM NH2OH were measured in data 
points before and after switching off O2 supply. We further tested the effect of 
different concentrations of NH4+ (4 – 20 mM) on the NO2-, NO and N2O 
production at pH 4 under oxygen limitation in the H2/NH4+ continuous culture 
(Figure 3). We showed that the concentrations of NO2-, NO and N2O slightly 
increased once the NH4+ concentration was gradually elevated. This 
observation indicates that at pH 4, even a 4-fold increase in the NH4+ 
concentration did not result in a high production of nitrite similar to what we 
observed at pH 5.5 supporting our assumption that pH plays an important role 
regarding the availability of NH3 molecules. 
 
 
Furthermore, we showed that the cells in the CH4/NO3- continuous culture 
were able to perform denitrification at a rate of 120-nmol.h-1.mg DW-1 by 
converting the added NO2- (50 μM) to NO and further to N2O in the absence of 
oxygen (Figure 4). Table 1 shows an overview on nitrification and 
denitrification rates in each continuous culture. 
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Figure 3. The concentration of 
NO2- (open rectangles) and 
production rates of NO (open 
triangles) and N2O (open circles) 
in the H2/NH4+ chemostat culture 
(1.2 L; D = 0.023 h-1; OD600 = 0.85; 
O2 limited) at NH4+ concentrations 
ranging 4 – 20 mM at pH 4. The 
amounts of NO2-, NO and N2O 
were determined when cells in 
the reactor reached the steady 
state. Each data point represents 
the average of two replicates.  
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Kinetics of ammonia oxidation 
To determine an affinity constant (Ks) for NH3 we used SolV cells directly 
from the CH4/NO3- reactor. Ammonium in final concentrations of 0.5 – 16 mM 
was added to the cells in 60-ml capped serum bottles containing CH4 ranging 
from 0.5 to 8 % (v/v), and the initial production rate of nitrite was measured at 
pH 6 (55 °C; 380 rpm). Each condition was performed in duplicate. Next, the 
best fitting curves to Michaelis–Menten kinetics were predicted based on our 
results (Figure 5). Since NH4+ is in the form of NH3 at pH 6 (1 M NH4+ is about 3 
mM NH3 at pH 6), the Michaelis–Menten curves were also produced based on 
the NH3 concentrations (Figure 5). Therefore, we calculated apparent affinity 
constants (Ks) for NH3 in strain SolV (Table 2). 
To identify the type of reversible inhibition, the Michaelis–Menten curves 
were transformed to Lineweaver-Burk plots. Figure 6 shows a set of double 
reciprocal plots, obtained with different NH4+ concentrations in the presence 
of CH4 at a range of 2, 4 and 8 % (v/v). Increasing the CH4 concentration 
resulted in a group of lines with a common intercept on the 1/V0 axis but with 
different slopes. The intercept is 1/Vmax and Vmax is constant regardless of 
increasing CH4 concentration (Vmax = 1.61 ± 0.05 μmol.h-1.mg protein-1).  
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Figure 4. Cells from the 
CH4/NO3- continuous culture 
(0.6 L; D = 0.026 h-1; OD600 = 
1.3; O2 limited) perform 
denitrification when nitrite 
was added to the reactor 
vessel. The concentrations 
of NO2- (open rectangles), 
NO (solid line) and N2O 
(open circles) were 
measured before and after 
addition of 50 μM NO2- (the 
solid arrow). 
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Figure 5. Kinetics of nitrite production from ammonia with variable CH4 supply at pH 6. NO2- 
production from NH4+ in the presence of 0.5 % (A), 1 % (B), 2 % (C), 3 % (D), 4 % (E and e) and 8 
% CH4 (F and f). Based on the experimental data points (open circles), the best fitting curve to 
Michaelis–Menten kinetics for NH4+ (solid lines) and NH3 (dashed lines) was determined. Each 
data point represents the average of two replicates.  
 
Table 2. Kinetics of ammonia oxidation with variable CH4 supply at pH 6. 
 
a CH4 concentrations in % (v/v). b CH4 concentrations in the liquid in mM. c Affinity constants 
were calculated based on two independent experiments. d Vmax values are in μmol.h-1.mg 
protein-1. 
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CH4 Affinity constant c (Ks(app)) Vmax d
NH4+ (mM) NH3 (µM)
0.5 a (0.005) b 1.25 4.9 1.61
1 (0.01) 1.50 5.8 1.61
2 (0.02) 6 23.3 1.43
3 (0.03) 9 35.0 1.43
4 (0.04) 30 116.7 1.43
8 (0.08) 70 272.3 1.43
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The constant intercept of all lines suggests a competitive inhibition 
between CH4 and NH3. The NO2- production rate in the absence of CH4 was 
found about 3-4 fold less than that in the presence of 0.5 % (v/v) CH4 
suggesting the presence of traces of CH4 is essential for the pMMO activation. 
Table 2 shows an overview of affinity constants calculated for NH3 (NH4+) 
obtained in the incubations with different CH4 concentrations. Affinity 
constants for NH3 were calculated based on the Henderson–Hasselbalch 
equation considering the temperature at 55 °C (Hütter 1989). These results 
showed that increasing CH4 concentration limits the affinity of pMMO for NH3 
significantly, which correlates with the competitive inhibition identified 
between CH4 and NH3. 
 
 
Figure 6. The Lineweaver–Burk plot of the NO2- production from NH3 based on the experimental 
data points (except for zero and negative values on the x axis) with 2 % (open diamonds), 4 % 
(open triangles) and 8 % (solid crosses) CH4 at pH 6. Figure B is a closer view of the center of 
figure A. 
 
Whole genome transcriptome analysis of strain SolV 
Expression levels of housekeeping genes and genes involved in nitrosative 
stress were determined for hydrogen- and methane-grown cells (both under 
O2 limited conditions). These values were compared to the expression values 
in cells growing at µmax with methane (without limitation). To determine the 
expression levels of the different genes under different conditions, the SolV 
transcriptome was characterized using IonTorrent PGM sequencing of 
ribosomal RNA depleted total mRNA (RNA-Seq). The sequencing reads were 
first mapped to the ribosomal RNA operon and all tRNA genes, and mapped 
reads were discarded. The remaining reads were mapped to the CDS 
sequences extracted from the genome sequence of strain SolV (Anvar et al., 
2014). The total number of reads obtained and mapped on the coding 
sequences of the genome for each sample together with the calculated 
expression levels (RPKM) is provided in the supplementary material 
1
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(Supplementary Table S4). To compare baseline expression levels, we selected 
a group of 393 housekeeping genes (in total 442.8 kbp) involved in energy 
generation, ribosome assembly, carbon fixation (CBB cycle), C1 metabolism 
(except for pmo), amino acid synthesis, cell wall synthesis, translation, 
transcription, DNA replication, and tRNA synthesis (Khadem et al., 2012b; 
2012c). All ratios of expression levels of the housekeeping genes among these 
conditions were between 0.5 and 2 (Supplementary Table S5). The robustness 
of the transcriptome data were tested using the method of Chaudhuri et al. 
(2011). In this method, the logarithmic value of (RPKM + 1) of each condition 
(in duplicates) was calculated and the values were plotted against each other. 
This resulted in correlation coefficients of 0.80, 0.82, and 0.87 (Supplementary 
Figure S1), showing the high robustness of the transcriptome data. 
The transcriptome data showed that the enzymes involved in NH4+ 
assimilation in strain SolV including glutamine synthase (glnA)/glutamate 
synthase (gltB) and the alanine and glutamate dehydrogenases (ald, gdh) were 
equally expressed under all conditions (Table 3). Among these genes, only 
glnA was about 3 fold less expressed in the continuous cultures compared to 
the cells grown at μmax (Table 3). We also found that the carAB operons 
(encoding the glutamine hydrolyzing carbamoyl-phosphate synthase) were 
constitutively expressed. The conversion of glutamine and carbon dioxide into 
glutamate and carbamoyl phosphate is performed by this enzyme (Khadem et 
al., 2012b). Similarly, the argDHFG operons (encoding enzymes in the urea 
cycle) were continuously expressed under all conditions. Interestingly, we 
detected the ammonium/ammonia transporter (amtB) was down-regulated in 
the CH4/NO3- continuous culture compared to the other conditions reflecting 
that cells could rely on NO3- as N-source and there was no need for NH4+ 
scavenging. On the other hand, the gene encoding NO3-/NO2- transporters 
(nasA) was found about 6 fold up-regulated in the CH4/NO3- continuous 
culture compared to the cells at μmax, and the assimilatory nitrite and nitrate 
reductases were 3-20 fold up-regulated in the CH4/NO3- continuous culture 
compared to the cells at μmax (Table 3). Both latter observations correlate with 
the fact that nitrate was used as N-source under this condition. Interestingly, 
the transcriptome analysis showed that the nirk, norC and norB genes were 
up-regulated in the H2/NH4+ continuous culture compared to those at µmax, 
which correlates with the physiological data showing increased NO and N2O 
productions. We also found that the haoA gene was about 2 fold down-
regulated in the CH4/NO3- continuous culture compared to those at µmax, likely 
due to the absence of NH4+ in this condition. Furthermore, the haoA gene was 
constitutively expressed in the H2/NH4+ continuous and batch culture (RPKM 
values 282 – 367; Table 3). 
 
60 
 
 
 
 
 
 
 
En
zy
m
e
G
en
e 
na
m
e
G
en
B
an
k
id
e
nt
if
ie
r
Ex
pr
es
si
on
 le
ve
l (
R
PK
M
) a
H
2/
N
H
4+
CH
4/
N
O
3
-
Ce
lls
 a
t 
μ
M
ax
b
G
lu
ta
m
in
e 
sy
n
th
et
as
e
ty
p
e 
I (
EC
 6
.3
.1
.2
)
gl
nA
M
fu
m
v2
_1
42
0
60
0
67
1
20
75
G
lu
ta
m
in
e 
sy
n
th
et
as
e 
re
gu
la
to
ry
 p
ro
te
in
 P
II
gl
nB
M
fu
m
v2
_1
41
9
53
6
63
0
49
7
[P
ro
te
in
-P
II
] 
u
ri
d
yl
yl
tr
a
n
sf
e
ra
se
 (
E
C
 2
.7
.7
.5
9
)
gl
nD
M
fu
m
v2
_1
83
7
1
2
7
91
12
7
N
it
ro
ge
n 
re
gu
la
to
ry
 p
ro
te
in
 P
II
gl
nK
M
fu
m
v2
_1
28
5
26
9
25
1
26
7
A
la
n
in
e 
d
eh
yd
ro
ge
na
se
 (E
C 
1.
4.
1.
1)
al
d
M
fu
m
v2
_2
04
9
69
10
2
83
G
lu
ta
m
at
e 
d
eh
yd
ro
ge
n
as
e 
(E
C 
1.
4.
1.
2;
 E
C 
1.
4.
1.
4)
gd
hA
M
fu
m
v2
_0
66
3
2
4
9
19
2
33
3
G
lu
ta
m
at
e 
sy
n
th
as
e 
[N
A
D
PH
] l
ar
ge
 c
h
ai
n 
(E
C 
1.
4.
1.
13
)
gl
tB
M
fu
m
v2
_2
39
7
76
0
60
0
10
22
G
lu
ta
m
at
e 
sy
n
th
as
e 
b
et
a 
ch
ai
n
gl
tD
M
fu
m
v2
_1
97
8
19
6
19
4
23
1
O
rn
it
h
in
e
-a
ce
ty
lo
rn
it
hi
n
e 
am
in
ot
ra
ns
fe
ra
se
ar
gD
1
M
fu
m
v2
_1
14
8
2
3
3
38
0
45
1
A
ce
ty
lo
rn
it
hi
ne
 a
m
in
ot
ra
ns
fe
ra
se
 (E
C 
2.
6.
1.
11
)
ar
gD
2
M
fu
m
v2
_0
13
5
18
8
28
2
31
6
A
rg
in
in
os
uc
ci
na
te
ly
as
e 
(E
C 
4.
3.
2.
1)
ar
gH
M
fu
m
v2
_2
46
5
79
87
15
3
O
rn
it
h
in
e 
ca
rb
am
oy
lt
ra
ns
fe
ra
se
(E
C 
2.
1.
3.
3)
ar
gF
M
fu
m
v2
_0
13
6
1
6
5
19
6
23
9
A
rg
in
in
os
uc
ci
na
te
sy
nt
ha
se
 (E
C 
6.
3.
4.
5)
ar
gG
M
fu
m
v2
_1
90
7
59
8
41
8
47
4
Ca
rb
a
m
oy
l-
ph
os
ph
at
e 
sy
n
th
as
e 
sm
al
l c
h
ai
n 
(E
C 
6.
3.
5.
5)
ca
rA
M
fu
m
v2
_1
92
6
31
2
17
5
39
1
Ca
rb
a
m
oy
l-
ph
os
ph
at
e 
sy
n
th
as
e 
la
rg
e 
ch
ai
n
 (E
C 
6.
3.
5.
5)
ca
rB
M
fu
m
v2
_0
40
8
3
2
9
33
4
51
7
A
m
m
o
n
iu
m
-A
m
m
on
ia
 tr
an
sp
or
te
r
am
tB
M
fu
m
v2
_1
28
0
28
2
17
1
37
3
N
it
ra
te
 A
B
C 
tr
a
ns
p
or
te
r,
 n
it
ra
te
-b
in
di
n
g 
p
ro
te
in
ta
uA
M
fu
m
v2
_1
29
9
27
35
37
A
ss
im
ila
to
ry
 n
it
ra
te
 re
du
ct
as
e 
la
rg
e 
su
b
un
it
 (E
C:
1.
7.
99
.4
)
bi
sC
M
fu
m
v2
_1
29
7
39
71
27
N
it
ra
te
-n
it
ri
te
 t
ra
ns
po
rt
er
na
sA
M
fu
m
v2
_1
29
4
42
18
3
29
N
it
ri
te
 re
d
uc
ta
se
 [N
A
D
(P
)H
] l
ar
ge
 s
ub
u
ni
t (
EC
 1
.7
.1
.4
)
ni
rB
M
fu
m
v2
_1
29
6
26
40
4
26
N
it
ri
te
 re
d
uc
ta
se
 [N
A
D
(P
)H
], 
sm
al
l s
ub
un
it
 (E
C:
1.
7.
1.
4 
)
ni
rD
M
fu
m
v2
_1
29
5
13
16
2
25
Si
gn
al
 tr
an
sd
uc
ti
on
 h
is
ti
di
ne
 k
in
as
e 
w
it
h 
PA
S 
d
o
m
ai
n
nt
rB
M
fu
m
v2
_0
27
1
20
4
17
7
25
5
Si
gn
al
 tr
an
sd
uc
ti
on
 re
sp
o
ns
e 
re
gu
la
to
r,
N
tr
C 
fa
m
ily
nt
rC
1
M
fu
m
v2
_1
34
9
10
1
35
10
0
si
gm
a
-5
4 
d
ep
en
de
n
t t
ra
ns
cr
ip
ti
on
al
 re
gu
la
to
r-
re
sp
on
se
 r
e
gu
la
to
r
nt
rC
2
M
fu
m
v2
_1
22
1
75
58
83
tr
a
n
sc
ri
pt
io
na
l r
e
gu
la
to
r,
 N
if
A
 s
ub
fa
m
ily
, F
is
 F
am
ily
nt
rC
3
M
fu
m
v2
_2
10
3
44
0
35
8
35
9
R
e
sp
o
ns
e 
re
gu
la
to
r o
f z
in
c 
si
gm
a
-5
4-
d
ep
en
d
en
t 
tw
o-
co
m
po
ne
nt
 s
ys
te
m
nt
rC
4
M
fu
m
v2
_0
27
2
34
4
26
9
32
8
H
yd
ro
xy
la
m
in
e 
o
xi
do
re
du
ct
as
e 
p
re
cu
rs
or
 (E
C 
1.
7.
3.
4)
ha
oA
M
fu
m
v2
_2
47
2
3
6
7
13
9
28
2
N
it
ri
c-
ox
id
e 
re
du
ct
as
e 
su
b
un
it
 B
 (E
C 
1.
7.
99
.7
)
no
rB
M
fu
m
v2
_0
03
7
17
0
77
83
N
it
ri
c-
ox
id
e 
re
du
ct
as
e 
su
b
un
it
 C
 (E
C 
1.
7.
99
.7
)
no
rC
M
fu
m
v2
_0
03
6
37
6
32
8
17
8
Co
p
p
e
r-
co
n
ta
in
in
g 
n
it
ri
te
 re
d
u
ct
a
se
 (E
C
 1
.7
.2
.1
)
ni
rK
M
fu
m
v2
_1
97
3
4
2
9
26
4
17
2
D
N
A
-b
in
di
n
g 
re
sp
on
se
 re
gu
la
to
r,
 N
ar
L 
fa
m
ily
m
xa
B
M
fu
m
v2
_1
73
8
20
6
12
4
28
4
D
N
A
-b
in
di
n
g 
re
sp
on
se
 re
gu
la
to
r,
 L
u
xR
 fa
m
ily
ci
tB
1
M
fu
m
v2
_1
79
9
45
91
32
94
32
2
D
N
A
-b
in
di
n
g 
re
sp
on
se
 r
e
gu
la
to
r,
 L
u
xR
 fa
m
ily
ci
tB
2
M
fu
m
v2
_0
45
7
1
2
0
54
18
5
Ta
b
le
 3
. T
h
e 
tr
an
sc
ri
p
to
m
e 
p
ro
fi
le
 o
f 
th
e 
ge
n
es
 in
vo
lv
ed
 in
 t
h
e 
n
it
ro
ge
n
 m
et
ab
o
lis
m
 a
n
d
 n
it
ro
sa
ti
ve
 s
tr
es
s 
in
 s
tr
ai
n
 S
o
lV
. 
 a  
Th
e 
m
R
N
A
 e
xp
re
ss
io
n
 i
s 
sh
o
w
n
 a
s 
R
P
K
M
 a
cc
o
rd
in
g 
to
 M
o
rt
az
av
i 
et
 a
l. 
(2
0
0
8
).
 C
h
an
ge
s 
in
 e
xp
re
ss
io
n
 i
n
 t
h
e
 c
o
n
ti
n
u
o
u
s 
cu
lt
u
re
s 
(H
2
/N
H
4+
 a
n
d
 
C
H
4/
N
O
3-
) 
co
m
p
ar
ed
 t
o
 b
at
ch
 c
u
lt
u
re
 c
el
ls
 g
ro
w
in
g 
at
 μ
m
ax
 a
re
 d
em
o
n
st
ra
te
d
 b
y 
sh
ad
in
g 
(u
p
-r
eg
u
la
ti
o
n
 >
2
 f
o
ld
 (
d
ar
k 
gr
e
y)
, 
d
o
w
n
-r
eg
u
la
ti
o
n
 <
0
.5
 
(l
ig
h
t 
gr
ey
))
. b
  c
e
lls
 g
ro
w
n
 o
n
 C
H
4
 a
n
d
 N
H
4+
 is
 N
-s
o
u
rc
e.
 
 
61 
 
The transcriptome data showed different expression levels of two of the 
three different pmo operons in strain SolV. We found that the pmoCAB2 
operon including mfumv2_1793, mfumv2_1792 and mfumv2_1791 subunits 
was significantly expressed (RPKM values 15,059 – 43,357; Table 4) in the cells 
growing at μmax with no limitation compared to the cells in the continuous 
cultures. The cells growing in the H2/NH4+ and CH4/NO3- continuous cultures 
under O2 limitation showed a significant different expression pattern of the 
pmoCAB operons. We found that the pmoCAB1 operon including 
mfumv2_1796, mfumv2_1795 and mfumv2_1794 subunits was highly 
expressed under oxygen limited conditions (RPKM values 4,351 – 31613), 
whereas the expression levels of the pmoCAB2 operon was found 15 - 100 
folds lower in comparison to the cells growing at μmax. The pmoCAB3 operon 
was barely expressed in all conditions compared to the other two operons. 
The conversion of methanol to formaldehyde is the second step in CH4 
oxidation pathway. Interestingly, it has been shown that strain SolV contains a 
XoxF-type methanol dehydrogenase (MDH) that can convert methanol directly 
to formate (Pol et al., 2014). We found that the xoxFGJ operon encoding the 
methanol dehydrogenase and pqqABCDEF operon encoding the proteins 
involved in biosynthesis of the methanol dehydrogenase cofactor 
pyrroloquinoline quinone were expressed similarly under all conditions tested. 
The last step of CH4 oxidation pathway is conversion of formate to CO2 
catalyzed by NAD-dependent formate dehydrogenase and a membrane-bound 
formate dehydrogenase. These enzymes were expressed under all conditions, 
although the expression levels of these enzymes (except fdsD operon) in 
continuous cultures under O2 limitation was 2-7 fold less compared to cells at 
μmax (Table 4). 
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Discussion 
In the present study, the physiological data of the H2/NH4+ continuous 
culture showed that strain SolV is able to perform nitrification at a rate of 48 
nmol.h-1.mg DW-1 at pH 5 – 5.5. Once pH changed to 5.5, the concentration of 
NH3 increased from NH4+ ions causing an elevation in the nitrification rate (≈ 
400 fold; Table 1) in comparison to that at pH 3. We also detected very limited 
nitrification rate in the cells of CH4/NH4+ reactor in comparison to the H2/NH4+ 
cells. These observations indicate that the higher nitrification activity occurs 
when H2 is replaced by CH4 as the electron donor. Nitrification was previously 
reported in the methanotrophs. CH4-dependent nitrification was detected in a 
humisol that was enriched with CH4 (Megraw & Knowles, 1987). It has been 
shown that methanotrophs are efficient nitrifiers and produce NH2OH as a 
product of NH3 monooxygenation (Bédard & Knowles, 1989; Nyerges & Stein, 
2009). 
We observed similar pattern in the batch experiments using cells from the 
CH4/NO3- continuous culture. In these batch tests, we found higher nitrite 
production rates when the CH4 concentration was limited, although traces of 
CH4 were found essential for activation of pMMO. In these batch tests, the 
calculated apparent affinity constants (Ks(app)) for NH4+ were approximately 
between 1.25 to 70 mM for CH4 concentrations from 0.5 to 8 % (v/v), 
respectively (pH 6). In a similar study, the Ks(app) values of 2 and 3.9 mM for 
NH4+ have been reported in the presence of 0.5 and 5 % (v/v) CH4 by 
Methylomicrobium album (Nyerges & Stein, 2009). In addition, the Ks (app) 
values of 0.5 and 1.1 mM for NH4+ have been calculated in the presence of 0.5 
and 5 % (v/v) methane by Methylocystis sp. (Nyerges & Stein, 2009). 
Considering the pH increase, NH4+ appears in the form of NH3 and the 
calculated Ks values for NH3 in the same tests were 4 – 273 μM. The NH3 
oxidation by methane oxidizing bacteria has been reported previously (Dalton, 
1977). The Ks value of 87 mM was calculated when NH4+ concentration was 
between 20 – 200 mM in the Methylococcus capsulatus (Bath) at pH 7 (Dalton, 
1977). Furthermore, a Km value of 4.1 mM for NH4+ was measured at pH 6.5, 
whereas at pH 7.5, it was measured at 0.6 mM in the methane oxidizing 
bacterium Methylosinus trichosporium OB3B (O’Neill & Wilkinson, 1977). Our 
data showed that increasing pH from 3 to 5.5 affects nitrification rate 
significantly. This reflects the fact that the pMMO of strain SolV might use NH3 
as a substrate (not NH4+). This assumption could explain why at low pH, when 
NH4+ is present, we observed very limited nitrification. In a study from O’Neill 
and Wilkinson (1977), they also showed that by increasing pH the rate of 
nitrification by M. trichosporium OB3B increases, and they suggested that the 
active species is NH3. 
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In the present study, we showed that strain SolV performs denitrification in 
the CH4/NH4+ (0.015 nmol.h-1.mg DW-1 at pH 3; Table 1) and H2/NH4+ (0.011 
nmol.h-1.mg DW-1 at pH 3; 0.81 nmol.h-1.mg DW-1 at pH 5.5; Table 1). Under 
the anoxic condition, higher denitrification rates were observed in the 
CH4/NO3- (120 nmol.h-1.mg DW-1 at pH 6) and H2/NH4+ (74 nmol.h-1.mg DW-1 at 
pH 5.5; Table 1) continuous cultures. Cells perform denitrification to remove 
the toxic NO2- which is the product of nitrification. The lower denitrification 
rate in H2/NH4+ compared to the CH4/NO3- continuous cultures in the absence 
of oxygen could be explained by the fact that cells in the H2 reactor were 
confronted with NH2OH and NO2- for a relatively long term. Cells might suffer 
under these conditions and show a decrease in denitrification rate. Many 
methanotrophs possess partial denitrification pathways and they are able to 
reduce nitrite (nitrate) to N2O via nitrite (nitrate), and nitric oxide reductases 
(Nyerges et al., 2010; Campbell et al., 2011). Recently, two methanotrophic 
strains were cultured together (Methylomicrobium album ATCC 33003 and 
Methylocystis sp. strain ATCC 49242), one with high tolerance to NH4+ and one 
with high tolerance to NO2-, and the nitrite-tolerant strain was shown to be 
more competitive and produced more N2O compared to the other strain 
(Nyerges et al., 2010). The highest N2O production rate was reported at about 
0.4 nmol.h-1 per million cells in Methylomicrobium album ATCC 33003 
(Nyerges et al., 2010). Campbell et al. (2011) reported a headspace production 
of 26.3 μM N2O after 48 h (≈ 0.24 ppb.h-1 per million cells) in Methylococcus 
capsulatus (bath). Lately, Kits et al. (2015) reported the reduction of nitrate 
coupled with aerobic methane oxidation under extreme oxygen limited 
conditions in which N2O production (0.414 μmol.h−1.L−1) was directly 
supported by CH4 oxidation in Methylomonas denitrificans strain FJG1T. The 
latter N2O production rate is about 60 folds lower than that measured in our 
study under anoxic condition in the absence of methane. 
In this study, the transcriptome data showed that the pmoCAB1 and 
pmoCAB2 operons were tightly regulated by oxygen and this was observed 
previously (Khadem et al., 2012b). Recently, the down-regulation of pmoCAB 
gene was detected in response to 30 mM NH4+ concentration in the medium 
compared to 10 mM NO3- in Methylocystis sp. strain SC2 (Dam et al., 2014). It 
has been shown that CH4 oxidation in Methylocystis sp. strain SC2 cells 
supplied with 30 mM NH4+ was inhibited at CH4 concentrations less than 400 
ppm (v/v) (Dam et al., 2014). Our results showed that pmoCAB3 operon was 
not expressed under all conditions tested suggesting other growth conditions 
could be examined to elucidate the regulation and role of this pmo operon. 
Recently, the concurrent growth of the methanotroph Methylocella silvestris 
was described on methane and propane (Crombie & Murrell, 2014). Two 
soluble di-iron centre monooxygenase gene clusters were also identified with 
65 
 
different expression during bacterial growth on these alkanes, although both 
genes were essential for efficient propane utilization (Crombie & Murrell, 
2014).  
In our study, the haoA gene was constitutively expressed in cells grown in 
the H2/NH4+ continuous and batch cultures (Table 3). We also showed that the 
denitrifying genes including nirK, norB and norC were up-regulated in the 
H2/NH4+ continuous culture compared to cells growing at μmax (Table 3) 
indicating an active pathway to detoxify NO2- (produced from NH3 via NH2OH) 
to N2O. On the other hand, the assimilatory nitrite and nitrate reductase genes 
were found 3-20 fold up-regulated in the CH4/NO3- continuous culture 
compared to the cells at μmax. These observations are similar to the down-
regulation of assimilatory nitrite and nitrate reductase genes in Methylocystis 
sp. strain SC2 under 30 mM NH4+ compared to 10 mM nitrate or NH4+ (Dam et 
al., 2014). It has been proposed that methanotrophs with denitrifying capacity 
might surpass other methanotrophs in ecosystems with high concentrations of 
nitrogen, because they have ability to sustain nitrosative stress (Nyerges et al., 
2010). The denitrifying capacity of strain SolV helps this microorganism to 
balance assimilation and tolerance in response to reactive-N molecules in the 
extreme conditions of its habitat. Furthermore, strain SolV might obtain a 
growth benefit in the presence of both oxygen and nitrite, or may even 
generate energy by denitrification under anoxic conditions. 
 
Conclusion 
Methylacidiphylum fumariolicum strain SolV performed nitrification (NH3 
oxidation) when CH4 was replaced by hydrogen as an electron donor. 
Furthermore, strain SolV carried out denitrification by converting NO2- to NO 
and further to N2O under oxygen limited and anoxic conditions. In addition, 
up-regulation of the nirK, norB and norC genes in the cells grown on hydrogen 
supported our physiological data. These observations showed that strain SolV 
is able to do nitrification, that produces the toxic hydroxylamine and nitrite 
causing a severe stress, and further it carries out denitrification to handle this 
nitrosative stress. The high denitrification rate under anoxic conditions 
suggests that energy generation by denitrification may be possible. 
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Supplementary Figure S1. Plots of Ln (RPKM + 1) values of 393 housekeeping genes (in total 
442.8 kbp) involved in energy generation, ribosome assembly, carbon fixation (CBB cycle), C1 
metabolism (except for pmo), amino acid synthesis, cell wall synthesis, translation, 
transcription, DNA replication, and tRNA synthesis. 
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Abstract 
The newly discovered volcano-inhabiting bacterium, Methylacidiphilum 
fumariolicum strain SolV, is a thermoacidophilic methanotroph of the phylum 
Verrucomicrobia capable of nitrogen fixation and CO2 fixation via the CBB cycle. 
Its unique physiology involving lanthanide dependent methanol oxidation and 
phylogenetic position were an incentive to investigate the proteome with a 
focus on membrane protein complexes. Hereto M. fumariolicum SolV protein 
complexes were extracted in their native state and separated by blue native 
polyacrylamide gel electrophoresis. The profiles of the proteins complexes 
were identified by label-free quantitative mass spectrometry. Using this 
approach, we were able to identify 296 soluble and membrane-bound 
proteins including important protein complexes involved in methane oxidation 
pathway (pMMO, MDH, putative membrane-bound FDH), carbon fixation 
(RuBisCO), and the electron transport chain (Complexes I to V). 
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Introduction 
The majority of the known methane-oxidizing bacteria (methanotrophs) 
are mesophiles and members of the phylum Proteobacteria. The newly 
discovered volcano-inhabiting bacterium, Methylacidiphilum fumariolicum 
strain SolV, is a thermoacidophilic methanotroph of the phylum 
Verrucomicrobia (Pol et al., 2007; Op den Camp et al., 2009). Its unique 
physiology and phylogenetic position make this bacterium a very interesting 
microorganism for the study of methanotrophy (Khadem et al., 2010; 2011; 
Pol et al., 2014). The recently published complete genome of M. fumariolicum 
provides a solid basis for the study of proteome of this microorganism (Anvar 
et al., 2014).  
In M. fumariolicum SolV, the oxidation of methane to carbon dioxide 
involves a set of three enzyme complexes. The initial activation and oxidation 
of methane to methanol is carried by the particulate methane 
monooxygenase (pMMO) enzyme. The genome of strain SolV harbors three 
different operons each encoding the three pMMO subunits. Previously, 
Khadem et al. (2012b) showed that the pmo operon including mfumv2_1796, 
mfumv2_1795 and mfumv2_1794 subunits is highly expressed under oxygen 
limited conditions. Furthermore, it has been shown that the other pmo 
operon including mfumv2_1793, mfumv2_1792 and mfumv2_1791 subunits 
was highly expressed in the cells grown at maximum growth rate (µmax 0.07 h-1; 
Khadem et al., 2012b). The third pmo operon including mfumv2_1606, 
mfumv2_1605 and mfumv2_1604 subunits was not expressed under any of 
examined conditions (Khadem et al., 2012b). 
Methanol, the product of the methane monooxygenase is further oxidized 
in one step to formate by a periplasmic PQQ-dependent methanol 
dehydrogenase (MDH), most likely without intermediate formaldehyde 
production (Pol et al., 2014). The MDH of SolV is of the XoxF type and has a 
rare earth metal in its active site instead of calcium (Pol et al., 2014). The final 
step, the oxidation of formate to carbon dioxide, is carried out by either a 
soluble or a membrane-bound formate dehydrogenase (FDH). The energy 
derived from the methane oxidation is conserved by a chemiosmotic 
mechanism. Unlike the alpha- and gamma-proteobacteria, M. fumariolicum 
SolV uses the CBB cycle enzymes to fix CO2 (Khadem et al., 2011), and is 
capable of nitrogen fixation (Khadem et al., 2010). The aerobic oxidation of 
methane takes place according to the following equation: 
CH4 + 1.6 O2   0.65 CO2 + 1.55 H2O + 0.35 CH2O (biomass) (Pol et al., 2007) 
In the aerobic respiration electrons obtained from substrate oxidation go 
through the respiratory chain and travel through a series of membrane-bound 
proteins organized in defined complexes, until they reduce oxygen as the final 
electron acceptor. This sequence of reactions releases the energy to transport 
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protons which builds up a proton-motive force (pmf) that is transformed to 
the cellular energy carrier ATP by the ATP synthase enzyme complexes. 
Prokaryotes use a diverse range of electron donors and aerobes employ O2 as 
their terminal electron acceptor (Babcock & Wikström, 1992; Madeira 2012; 
Vega et al., 2015; Wanet et al., 2015). During the oxidation of methane in 
methanotrophs, energy is conserved at the level of methanol, formaldehyde 
and formate oxidation (Chistoserdova et al., 2009; Hanson & Hanson, 1996). In 
the oxidation of methanol, electrons are carried to a membrane-bound 
electron transport chain via a pyroloquinoline quinone cofactor to cytochrome 
c and the bc1 complex (Complex III) by the MDH. During formaldehyde and 
formate oxidation, NAD is reduced to NADH and transported to the NADH-
oxidoreductase proteins (Complex I). Complex II includes succinate 
dehydrogenase and serves as a direct connection between the tricarboxylic 
acid (TCA) cycle and the electron transport chain. Electrons flow via the 
membrane protein complexes to the cytochrome c oxidases and generate a 
proton-motive force leading to ultimately synthesis of ATP (Aussel et al., 2014; 
Black et al., 2014; Keltjens et al., 2014; Melo & Teixeira, 2015; Sazanov, 2015). 
Recently, direct oxidation of methanol to formate catalyzed by a 
lanthanide-dependent XoxF-type MDH was discovered in strain SolV (Pol et al., 
2014). This direct oxidation implies that formate oxidation is left as the only 
option to generate NAD(P)H in strain SolV. In the anabolic process, complex I 
produces quinone at the expense of NADH oxidation. One reduced quinone is 
required for each methane activation step, and therefore, no room would be 
left for extra NAD(P)H for cell carbon synthesis. On the other hand, reduced 
quinone could also be formed by proton-motive force driven reversed 
electron transport across complex III (Keltjens et al., 2014). Another 
consequence of direct oxidation of methanol to formate is the absence of 
formaldehyde. Therefore, methanotrophic Verrucomicrobia and 
Methylomirablis oxyfera possess the complete inventory of the energy-
demanding CBB cycle and produce biomass without formaldehyde as an 
intermediate by fixing CO2 (Khadem et al., 2011; Ettwig et al., 2010; Rasigraf et 
al., 2014). The consecutive route of the electrons from NADH oxidation 
through complex I, complex II, complex III and complex IV allows a maximal 
production of three ATP molecules. The internal membrane structure of alpha-
proteobacterial methanotrophs contains membrane stacks along the cell 
periphery, parallel to the cell envelope. Similarly, membrane bundles 
perpendicular to the cell envelope are present in the internal membrane 
structure of gamma-proteobacteria. In contrast, the stacked membrane 
structures were not observed in M. fumariolicum SolV using transmission 
electron microscopy (Pol et al., 2007; van Teeseling et al., 2014). 
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Recent progresses in sequencing technologies enable us to gather 
significant amount of data on different (unknown) organisms. However, a 
single (meta)genomic analysis is not sufficient to understand all aspects an 
organism, because it only offers a blueprint of the physiological potentials of 
the organism. To understand which protein complexes strain SolV uses, 
analyses such as proteomics and metabolomics approaches would be 
important to extend our knowledge. The complete genome of strain SolV 
encodes 2,741 annotated genes and 314 functional subsystems including all 
key metabolic pathways (Anvar et al., 2014). About 40 % of these open 
reading frames (ORFs) code for hypothetical or unknown proteins, and the 
annotation of the other 60 % revealed important key enzymes of strain SolV 
(Anvar et al., 2014; Khadem et al., 2012a; Op den Camp et al., 2009). 
Regarding the electron transport chain, the genes encoding the proteins of 
complex I (14 proteins), complex II (3 proteins), complex III (11 proteins), 
complex IV (9 proteins) and ATP synthase complex (16 proteins) are present in 
the genome of strain SolV (Anvar et al., 2014; Supplementary Table S3). Based 
on genome analysis and using classical methanotrophs as models, it can be 
postulated that the enzymes and enzyme complexes in the central metabolism 
in M. fumariolicum are associated with the cytoplasmic membrane. However, 
thus far, a comprehensive study of the of M. fumariolicum proteome, and, in 
particular, of the membrane proteome, has not been conducted. 
In this study, we report the analysis of the whole-membrane proteome of 
M. fumariolicum strain SolV. Membrane proteins extracted in their native 
state were separated by blue native electrophoresis, and the profiles of the 
proteins complexes identified by label-free quantitative mass spectrometry 
were constructed by hierarchical clustering. Using this approach, we were able 
to identify a total number of 296 soluble and membrane-bound proteins 
involved in the central energy metabolism of strain SolV.  
 
Materials & Methods 
Chemicals. All chemicals used were purchased from Sigma-Aldrich, USA unless 
stated otherwise.  
 
Nucleotide sequence and RNA-Seq accession numbers. The annotated M. 
fumariolicum SolV genome (Anvar et al., 2014) and the RNA-seq data are 
available at Genbank under accession number NZ_LM997411 and from the 
GEO depository under accession number GSE40528 (BioProject PRJNA174222), 
respectively. 
 
Microorganism and medium composition. Methylacidiphilum fumariolicum 
strain SolV used in this study was originally isolated from the volcanic region 
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Campi Flegrei, near Naples, Italy (Pol et al., 2007). The medium (10 L) was 
composed of 0.2 mM MgCl2.6H2O; 0.2 mM CaCl2.2H2O; 1 mM Na2SO4; 2 mM 
K2SO4; 2 mM (NH4)2SO4 (gradually increased to 10 - 15 mM during the batch 
growth) and 1 mM NaH2PO4.H2O. A trace element solution containing 10 µM 
NiCl2, CoCl2, MoO4Na2, ZnSO4 and CeCl3; 50 µM MnCl2 and FeSO4; 100 µM 
CuSO4 and 400-500 µM nitrilotriacetic acid (NTA). The pH of medium was 
adjusted to 2.7 using 1 M H2SO4. To avoid precipitation, CaCl2.2H2O and the 
rest of the medium were autoclaved separately and mixed after cooling. This 
medium composition contains all components to obtain an OD600 of 10 with 
no nutrient limitation and was used in the batch culture. 
 
Growth of M. fumariolicum cells. Cultivation of M. fumariolicum SolV was 
performed in a 15 L fermentor (Applikon, Delft, the Netherlands). A gas 
mixture of (all in v/v); 10 % methane (CH4), 6 % carbon dioxide (CO2), and 17 % 
O2, was supplied to the fermentor in a continuous flow. The oxygen sensor 
showed a dissolved oxygen level of 15 % at the onset of cultivation and was 
kept above 5 %. Methane and oxygen were gradually increased during the 
exponential growth to avoid their limitation. The temperature and agitation 
speed were set to 55 °C and 1000 rpm, respectively. The initial pH of the 
medium was set to 2.7 and pH decreased to about 2.5 when growth was 
stopped. For the experiments, cells were harvested by centrifugation (5000 x g, 
4 °C, 15 min).  
 
Membrane isolation and solubilisation. Approximately 92 g of M. 
fumariolicum cells (wet mass) was washed once with in 25 mM Pipes, pH 7.2, 
and resuspended in 40 ml buffer A, containing 25 mM Pipes, pH 7.2, 40 µM 
CuSO4, 2 mg DNase, 1 mM methanol, 500 mM NaCl, 1 % Chaps, and protease 
inhibitor cocktail. Cells were broken by passing the cell suspension once 
through a French pressure cell operating at 110 MPa. Cell debris was removed 
by two consecutive centrifugation steps of centrifugation (12,000 x g, 20 min, 
4 °C; 20,000 x g, 40 min, 4 °C) and the supernatant was collected as a cell-free 
extract. The membrane fraction was recovered as the pellet after 
ultracentrifugation (140,000 x g, 60 min, 4 °C) of cell-free extract. The pellet 
was re-suspended in 40 ml of 25 mM Pipes, pH 7.2, washed once and re-
suspended in 40 ml of the same buffer. Membrane proteins were solubilized 
using four conditions: 1) n-dodecyl-β-D-maltoside, 1 g / g protein; 2) n-
dodecyl-β-D-maltoside 5 g / g protein; 3) Triton-X 100, 0.05 % (w/v); and 4) 
Triton-X 100, 1 % (w/v). The suspensions were incubated with gentle stirring 
for 1 h at 4 °C and subsequently centrifuged at 140,000 x g, 60 min, 4 °C. 
Protein determination was performed using the 2-D Quant Kit according to 
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manufacturer’s instructions (GE Healthcare, USA), using bovine serum albumin 
as a standard. 
 
Blue native gel electrophoresis. BN-PAGE of membrane complexes was 
performed as described by Wittig et al. (2006). BN-gels (4 - 12 % linear 
acrylamide gradient gels; 1.5 mm) were cast using Bio-Rad Mini PROTEAN® II 
systems. All gels were loaded with 80 µg of protein per lane and BN sample 
buffer and run at 80 V until the dye front reached the end of the respective gel.  
 
Tryptic digestion, LC-MS/MS analysis, data processing and complexome 
profiling. After electrophoresis, the gel lanes were cut horizontally into 1-mm 
gels slices and each of the gel slices subjected to in-gel tryptic digestion 
according to Heide et al. (2012). Briefly, the gels slices were cut into 1 x 1 mm 
cubes and transferred to a 96-well plate. The gel pieces were washed 
successively three times with 50 mM ammonium bicarbonate (AHC), 50 % 
acetonitrile (ACN) in 50 mM AHC and 100 % ACN. Proteins reduction and 
alkylation were performed using 10 mM dithiotreitol (30 min, 56 C) and 50 
mM 2-chloroacetamide (30 min, RT, in the dark), respectively. Proteins were 
digested by addition of 50 µl of trypsin to a final concentration of 12.5 ng/µl 
and overnight incubation at 37 C. The resulting peptides in the aqueous 
digestion buffer were transferred to a fresh 96-well plate. The peptides 
remaining in the gel pieces were recovered by shrinking the gels in ACN and 
combined with the aqueous solution in the 96-well plate. The combined 
peptide extracted was subjected to vacuum centrifugation to remove ACN and, 
subsequently, desalted and concentrated using in-house constructed stop-
and-go (STAGE) tips (Rappsilber et al., 2003; Wessels et al., 2009). The eluate 
was used for LC-MS/MS measurements. Mass spectrometry, data processing 
and complexome profiling were performed as described before (Farhoud et al., 
2005; de Almeida et al., 2016). 
 
Hierarchical clustering analysis. Hierarchical clustering analysis of all 
membrane proteins abundances was performed using the NOVA software 
(Giese et al., 2014; Heide et al., 2012). Uncentered Person’s correlation and 
complete linkage setting were used. 
 
Results & Discussion  
Method development 
We used two non-ionic detergents, β-lauryl-maltoside and Triton X-100, at 
five and two different concentrations, for the extraction of the membrane 
complexes. β-Lauryl-maltoside was used in ratios of 0.5, 1, 2, 5 and 10 g per g 
protein, and Triton X-100 was used in and 0.05 and 1 % (w/v). The membrane-
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protein samples were applied to BN linear gradient gels of 4 – 12 % 
polyacrylamide (Figure 1). 
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 After electrophoresis and staining, the protein patterns of the membrane 
fractions obtained after the treatment with different concentrations of β-
lauryl-maltoside were quite similar. Therefore, we used the gel lanes 
belonging to 1 and 5 g β-lauryl-maltoside per g protein (M1 and M5), and 0.05 
and 1 % Triton X-100 (w/v) (T0.05 and T1) for further analysis. Mass estimation 
of the separated complexes in the BN linear gradient gels was based on the 
migration pattern of a high molecular mass native marker (Figure 2). The gel 
lanes of M1, M5, T0.05 and T1 together with the corresponding native marker 
were cut into 55, 56, 50 and 54 lanes, respectively. The slice numbers for each 
marker were plotted versus the logarithmic values of the molecular masses of 
the marker. The calibrations were linear with R2 values of 0.98 (M1), 1 (M5) 
and 0.99 (T0.05, T1) (Figure 2). 
 
 
Figure 2. Mass calibration of blue native gels including M1, M5 (1 and 5 g β-lauryl-maltoside per 
g protein), T0.05 and T1 (0.05 and 1 % (w/v) Triton X-100).  
 
 The molecular masses of the corresponding gel slice number were given to 
the NOVA software to calculate molecular masses of different complexes. The 
gel pieces were subjected to tryptic digestion, and the resulting peptides were 
analyzed by LC-MS/MS. Based on their relative abundance across the gel lane, 
the identified proteins were hierarchically clustered by Pearson’s uncentered 
correlation and complete linkage using the NOVA program. By matching 
spectra against the protein database of strain SolV, a total of 296 proteins 
were unambiguously identified, of which 197 proteins were present in the 
profiles of both β-lauryl-maltoside and Triton X-100 treatments (Figure 3; 
Supplementary Table S1). 
 
Comparison β-lauryl-maltoside and Triton X-100 
We identified 148 and 209 proteins after the maltoside treatment in ratios 
of 1 and 5 g per g protein, respectively (Figure 3A). 126 proteins were 
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identified in both treatments with different β-lauryl-maltoside concentrations 
(Figure 3A). Furthermore, we detected 192 and 246 proteins after the 
treatment with Triton X-100 in ratios of 0.05 % and 1 % (w/v), respectively 
(Figure 3B). 176 proteins were identified in both treatments with different 
triton X-100 concentrations (Figure 3B). Considering both treatments with β-
lauryl-maltoside and Triton X-100, we identified 231 and 262 proteins, in 
which 197 proteins were overlaid in these two treatments (Figure 3C). 
 
 
Figure 3. A comparison diagram for number of proteins obtained after treatment with β-lauryl-
maltoside and Triton X-100. M1 and M5 refer to ratios of 1 and 5 g β-lauryl-maltoside per g 
protein (A). T0.05 and T1 refer to ratios of 0.05 and 1 % (w/v) Triton X-100 (B). Total proteins 
obtained in the β-lauryl-maltoside treatment compared to those in Triton X-100 treatment (C).  
 
 Comparing the number of proteins detected after each treatment showed 
that Triton X-100 is slightly more effective than β-lauryl-maltoside to solubilize 
the membrane proteins of strain SolV. Both β-lauryl-maltoside and Triton X-
100 have been extensively used in order to solubilize the membrane proteins 
and phospholipid structures without denaturing the proteins (Mukherjee et al. 
2010; 2011a, b). It has been shown that Triton X-100 is an effective surfactant 
compared to β-lauryl-maltoside for the isolation and purification of four multi 
subunit membrane proteins involved in the primary step of oxygenic 
photosynthesis (Yu et al., 2014). Furthermore, Knol et al. (1998) reported 
Triton X-100 offers higher efficiency of reconstitution of the lactose transport 
protein (LacS) in Streptococcus thermophilus in comparison to other 
detergents frequently used to mediate the membrane insertion. On the other 
hand, Watkinson et al. (2016) demonstrated that β-lauryl-maltoside seems to 
associate better with the lower parts of the trans-membrane region protecting 
those peptide residues that would be analyzed by mass spectrometry from 
oxidative labeling. In our results, we detected some more proteins (31) in the 
samples treated with Triton X-100, however overall both detergents seem 
very suitable to identify the major proteins complexes of strain SolV. 
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The membrane proteome profile of M. fumariolicum strain SolV  
The genome of M. fumariolicum strain SolV possesses 2,741 annotated 
genes and 314 functional subsystems including all key metabolic pathways 
(Anvar et al., 2014). Of these, 2645 open reading frames (ORF) were 
considered to be transcribed at the mRNA level during a batch growth at µmax 
(0.07 h-1) (Khadem et al., 2012b; Mohammadi et al., 2016; Supplementary 
Table S4). Out of the total 296 unambiguously identified proteins in the linear 
gradient BN gels using both detergents, all corresponding genes were 
transcribed during the batch condition at µmax (Khadem et al., 2012b; 
Mohammadi et al., 2016) and 72 proteins were shown to have at least one 
predicted transmembrane helix (TMH) using TMHMM 2.0 online program 
(Supplementary Table S2). Theoretically, a total of 586 membrane proteins 
with at least one predicted TMH were predicted for the proteome of M. 
fumariolicum strain SolV (TMHMM 2.0 online program; Supplementary Table 
S2). Thus, the number of membrane proteins detected by LC-MS/MS (72) is 
about 12 % of total predicted membrane proteins (586). The rest of proteins 
detected in the proteome profile of two treatment methods might interact 
with the membrane but do not possess a TMH. These proteins could attach to 
the membrane by hydrophobic and/or ionic interactions or they could anchor 
in the membrane by a lipid chain. Moreover, it is important to consider that a 
single N-terminal TMH might represent a signal peptide with N-terminal 
cleavage site, converting the processed protein to a soluble one after 
migrating across a membrane. We showed that 303 of total predicted 
membrane proteins (51 %) only possess one TMH (TMHMM 2.0 online 
program) and only 34 of them possess a signal peptide using a sensitive 
method in the SignalP 4.1 program (Supplementary Table S2). This could be 
considered as an underestimation, and it is possible that the SignalP 4.1 
algorithm cannot predict the right number of proteins with a signal peptide in 
strain SolV. Previously, it has been suggested that the SignalP 4.1 cannot be 
used for anammox bacteria, since this group of bacteria probably does not fit 
in the classification system used for prediction (Medema et al., 2010; 
Sinninghe Damsté et al., 2002; 2005).  
 
Proteins involved in methane oxidation pathway and carbon fixation  
The first step in methane oxidation is catalyzed by methane 
monooxygenase (MMO) converting methane into methanol. This enzyme 
exists in two distinct forms; the soluble cytoplasmic form (sMMO, NADH-
dependent) and the particulate membrane-associated form (pMMO, 
cytochrome c dependent) (Hanson & Hanson, 1996). Only the pMMO is 
present in M. fumariolicum strain SolV based on the complete genome 
analysis (Anvar et al., 2014). Attempts to isolate and purify pMMO subunits of 
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strain SolV were challenging and after the treatment of membrane fractions 
with detergents such as β-lauryl-maltoside only pMMOB1 was identified using 
MALDI-TOF (Matrix associate laser desorption ionization- time of flight) mass 
spectrometry after SDS-PAGE (data not shown). In all 4 profiles obtained after 
β-lauryl-maltoside and Triton X-100 treatments, we identified pMMO subunits 
encoded by two pmo operons (pmoC1A1B1 and pmoC2A2B2) at molecular 
masses of about 750 kDa and 800 kDa in the treatments with β-lauryl-
maltoside and Triton X-100, respectively (except pMMOA2; Figure 4; Table 1). 
 
 
Figure 4. Complexome profiling of different subunits of pMMO and MDH detected in the 
treatment profiles of M1 (1 g β-lauryl-maltoside/g protein), M5 (5 g β-lauryl-maltoside/g 
protein), T0.05 (0.05% (w/v) Triton X-100) and T1 (1% (w/v) Triton X-100). Hierarchical 
clustering was based on relative abundances. Pearson’s uncentered correlation was used as 
distance metric (complete linkage) using the NOVA program (Giese et al., 2014).  
 
Furthermore, the MDH (encoded by xoxF) was also detected in this 
complex. Subtracting a molecular mass of ≈ 127 kDa of the dimeric structure 
calculated for the MDH (Pol et al., 2014), a molecular mass of about 650 kDa 
could be in the right range for the corresponding pMMO complex. Considering 
molecular masses of 47.6, 28.5 and 31.5 kDa for pMMO subunits B, A and C 
(based on the genome), we assume that each pMMO complex has a molecular 
mass of about 320 kDa suggesting a trimeric structure for this complex. 
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Previously, several crystal structures have revealed a trimeric structure for 
pMMO (Lieberman & Rosenzweig, 2005; Hakemian et al., 2008; Smith et al., 
2011). The absence of pMMOA2 could be related to the complications in the 
membrane structure of strain SolV. The stacked membrane configurations 
exclusively present in methanotrophs expressing particulate methane 
monooxygenase were not observed in Methylacidiphilum strains using 
transmission electron micrograph (Pol et al., 2007; van Teeseling et al., 2014). 
Generally, more TMHs offer more protein hydrophobicity and therefore it 
becomes more difficult to detect the protein by proteomic analyses. All 
pMMO subunits of strain SolV have almost same number of TMHs (3 –
 6 TMHs) indicating that the absence of pMMOA2 in the proteome profile 
might not be due to protein hydrophobicity, but rather the expression level of 
this subunit. The expression level of pMMOA2 was found notably lower in the 
batch grown cells (Supplementary Table S4; gene ID: Mfum_790002 in 
Khadem et al., 2012b; gene ID: mfumv2_1795 in Mohammadi et al., 2016) 
indicating that the protein amount is very low and it might be masked by 
highly abundant other proteins. The pMMO encoded by the third pmo operon 
was also not identified by this method, in which batch grown cells were 
investigated. We know that this operon of pmo (including mfumv2_1604, 
mfumv2_1605 and mfumv2_1606) is not expressed under batch (µmax) and 
continuous cultures under O2 limitation (Khadem et al., 2012b; Mohammadi et 
al., 2016). 
The second enzyme involved in the aerobic oxidation of methane is the 
PQQ-dependent lanthanide containing methanol dehydrogenase (MDH) 
converting methanol into formaldehyde. The XoxF-type methanol 
dehydrogenase has already been purified as highly abundant protein that 
requires rare earth metals as cofactor (Pol et al., 2014). In the present study, 
we identified the MDH (Mfumv2_1183) in the resulting profiles of all 
treatment methods (Figure 4). The MDH is a soluble periplasmic enzyme and 
its presence in the membrane proteome is likely due to its association with 
the pMMO complex. The xox operon contains two other proteins, which were 
detected in M5 (cytochrome c family protein, xoxG), T0.05 and T1 treatment 
profiles (a putative periplasmic binding protein, xoxJ). In the transcriptome 
data, we previously observed that the xoxF-type MDH gene was expressed to 
similar high levels as the second pmo operon in the cells grown at µmax 
(Khadem et al., 2012b; Mohammadi et al., 2016). Furthermore, the MDH of 
strain SolV oxidizes methanol directly to formate instead of formaldehyde (Pol 
et al., 2014), and then finally formate is oxidized to carbon dioxide by formate 
dehydrogenase (FDH). 
The proteome analysis resulted in the identification of four formate 
dehydrogenase protein subunits in M5 and T1 treatment profiles (Figure 5; 
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mfumv2_0751 with 14 TMHs, mfumv2_0753 with 7 TMHs, mfumv2_0755 and 
mfumv2_0756 with no TMHs; predicted by TMHMM 2.0 online program), 
which have been previously somewhat ambiguously annotated as formate 
hydrogen lyase subunits in the genome of strain SolV. The mfumv2_0755 
(hycE) and mfumv2_0756 (hycG) show homology to nuoCD fusion and nuoB 
genes, respectively, which encode NADH-quinone oxidoreductase chains C, D 
and B subunits of complex I. Co-migration of these proteins to two different 
molecular masses of ≈ 1050 kDa and ≈ 720 kDa in the membrane fractions 
obtained after β-lauryl-maltoside or Triton X-100 treatments shows that they 
might belong to one complex (Figure 5).  
 
 
Figure 5. Complexome profiling of proteins encoded by hycG (a), hycE (b), hyfA (c) and hyfB (d) 
detected in the treatment profiles of M5 (5 g β-lauryl-maltoside/g protein) and T1 (1 % (w/v) 
Triton X-100). Hierarchical clustering was based on relative abundances. Pearson’s uncentered 
correlation was used as distance metric (complete linkage) using the NOVA program (Giese et 
al., 2014).  
 
All these identified proteins are encoded in the same operon which 
contains two more membrane proteins (mfumv2_0752 (hycD) with 8 TMHs 
and mfumv2_0754 (hyfF) with 14 TMHs). A closer look at this operon indicated 
that the proteins previously assumed as formate hydrogen lyases are in fact 
only the membrane part of a putative membrane-bound formate 
dehydrogenase (FDH) complex. Based on the genome analysis, we hypothesize 
that another operon encoding four molybdopterin-type proteins 
(Mfumv2_1456-1459) could be the soluble part of this complex. The 
mfumv2_1457 (fds2A), mfumv2_1458 (fdsB) and mfumv2_1459 (fdsC) show 
homology to nuoG, nuoF and nuoE genes, respectively, which encode NADH-
quinone oxidoreductase chains G, F and E subunits of complex I, respectively. 
We suppose that the fourth gene, mfumv2_1456 (fdsD), might play a role in 
maturation. A challenging hypothesis would be that the latter operon with 4 
soluble proteins may be linked to the membrane subunits forming a complex 
responsible for oxidation of formate, and in the meantime producing NADH 
and pumping protons. Preliminary calculations show that this hypothesis 
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might be valid. Furthermore, the transcriptome analyses performed previously 
(Khadem et al., 2012b; Mohammadi et al., 2016) showed that these two 
operons are similarly expressed during batch growth at µmax suggesting their 
presence in one complex (putative membrane-bound FDH). 
Based on the full genome of strain SolV and transcriptome data, it is clear 
that strain SolV does not follow the RuMP or serine pathway (Anvar et al., 
2014; Op den Camp et al., 2009), but uses the Calvin-Benson-Bassham (CBB) 
cycle (Khadem et al., 2011; Sharp et al., 2012; van Teeseling et al., 2014). In 
the present study, both the small and large subunits of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), the key enzyme of the CBB 
cycle, were identified at a molecular mass of about 520 kDa in all 4 protein 
profiles (Figure 6; small subunit of RuBisCO was not detected in the treatment 
with 0.05 % Triton X-100 (w/v)). The molecular mass detected for the RuBisCO 
complex was found slightly lower than that found previously using a native 
PAGE gel (536 kDa; Khadem et al., 2011). Table 1 shows an overview of all 
proteins detected in methane oxidation pathway and carbon fixation. 
 
 
Figure 6. The heat map including two subunits of RuBisCO detected in profiles obtained after β-
lauryl-maltoside (M1 and M5) and Triton X-100 (T0.05 and T1) treatments. Hierarchical 
clustering was based on relative abundances. Pearson’s uncentered correlation was used as 
distance metric (complete linkage) using the NOVA program (Giese et al., 2014).  
 
Proteins involved in hydrogen metabolism 
Recently, we showed that under natural conditions for M. fumariolicum 
SolV, hydrogen might be a suitable substrate for this bacterium (Mohammadi 
et al., 2016; Chapter 2). The genome of strain SolV revealed the presence of 
two hydrogenases which phylogenetically were classified as hup- and hhy-type 
coding for a periplasmic bound Group 1d and a cytosolic Group 1h/5 
hydrogenase, respectively (Anvar et al., 2014; Mohammadi et al., 2016). 
Furthermore, it has been shown that the hhy-type hydrogenase was 
constitutively expressed and active, resulting in considerable hydrogen 
respiration (6 % compared to methane) when strain SolV was grown at 
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ambient air concentration on methane. The hup-type hydrogenase was 
oxygen sensitive and expressed when oxygen was reduced to below 0.2 % 
(Mohammadi et al., 2016). The expression level of this hydrogenase under 
oxygen limited conditions was also significantly higher compared to batch 
grown cells (Khadem et al., 2012b; Mohammadi et al., 2016; Supplementary 
Table S4). Furthermore, Khadem et al. (2010) reported the up-regulation of 
both large and small subunits of hup-type hydrogenase under nitrogen fixing 
condition. In the present study, we did not detect the uptake hydrogenase 
(hup-type) (Table 3), which is believed to exist as a periplasmic membrane-
bound hydrogenase (Vignais & Billoud, 2007). This is most likely due to the 
fact that the expression level of this hydrogenase under batch growth 
conditions used in this study (with oxygen excess) is very low reflecting the 
oxygen sensitivity of this hydrogenase. We postulate that under oxygen 
limited conditions, this uptake hup-type hydrogenase will be detectable. Both 
large and small subunits of this hydrogenase (mfumv2_1564, mfumv2_1565) 
lack predicted TMHs (TMHMM online tool), but the small subunit contains the 
typical twin-arginine signal peptide distinctive for periplasmic membrane-
bound Group 1 hydrogenases (Mohammadi et al., 2016). 
 
Proteins involved in the electron transport chain 
The family of NADH-quinone oxidoreductases includes several diverse 
membrane-bound protein complexes which are distinguished by a similar 
modular structure. Based on the functions, these modules are classified to the 
catalytic electron input module, a membrane-bound H+-translocating module, 
and a linking electron-transfer adapter module (Efremov & Sazanov, 2012). 
The genome of strain SolV encodes all fourteen necessary proteins for the 
classical complex I including NADH-quinone oxidoreductase subunits A to N 
(Supplementary Table S3). During formaldehyde and formate oxidation, NAD+ 
is reduced to NADH and transported to the NADH-oxidoreductase (complex I). 
Complex I uses NADH to form the reduced quinone (QH2) which in turn is 
oxidized in the further steps of the respiratory chain. In the present study, we 
identified 13 subunits of NADH-quinone oxidoreductases (apart from the small 
hydrophobic subunit K, nuoK) in the resulting profile of M5 treatment method 
(Figure 7). Table 2 and 3 show all identified subunits of complex I detected in 
all treatment profiles. The B, C, D, E, F, G, I, L and M subunits were co-
migrating into a single protein band of about 390 kDa (Figure 7), which reflects 
a monomeric structure for this complex. Interestingly, the A, H and M subunits 
co-migrated into a single protein band of about 1,000 kDa (Figure 7), similar to 
the co-migration of identified subunits of the putative membrane-bound FDH 
(Figure 5). These observations might indicate an association between complex 
I and the putative membrane-bound FDH.  
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Complex II includes succinate dehydrogenase and serves as a direct link 
between the tricarboxylic acid (TCA) cycle and the electron transport chain. 
The genome of strain SolV encodes the succinate dehydrogenase cytochrome 
b subunit (mfumv2_2065), succinate dehydrogenase flavoprotein subunit 
(mfumv2_2064) and succinate dehydrogenase catalytic subunit 
(mfumv2_2063) (Supplementary Table S3). In this study, we detected all three 
proteins of complex II at molecular masses of ≈ 490 kDa and ≈ 450 kDa in the 
treatment profiles with β-lauryl-maltoside and Triton X-100, respectively 
(Figure 8; Table 2). Considering molecular masses of 72, 28 and 23 kDa for 
subunits of complex II (based on the genome), we assume that complex II 
might be present in a tri- or tetrameric structure. 
Complexes I and II both produce reduced quinone (QH2) which is the 
substrate for complex III. This complex transfers the electrons from QH2 to 
reduce cytochrome c. The genome of strain SolV harbors the genetic 
information for components of complex III (bc complexes) including the 
putative cytochrome c, class I (mfumv2_0351, mfumv2_1122), cytochrome c, 
class III (mfumv2_0377, mfumv2_0381, mfumv2_0386, mfumv2_0942, 
mfumv2_1172) and FAD (flavin adenine dinucleotide) containing subunits 
(mfumv2_0138, mfumv2_0613). Supplementary Table S3 shows all putative 
proteins present in strain SolV that might be required for complex III. In the 
present study, we detected no proteins belonging to complex III, although the 
genome of strain SolV encodes 10 cytochrome c family proteins. This might be 
related to the absence of lysine and arginine residues in TMHs of these 
proteins. Membrane proteins in which their TMHs lack adequate lysine and 
arginine residues (hydrophilic) for proteolytic cleavage by trypsin, offer 
peptide fragments that are out of range for standard peptide-centric MS 
analysis (Helbig et al., 2010). Interestingly, we found no arginine and lysine in 
TMHs of four cytochrome c family proteins (mfumv2_0351, mfumv2_0386, 
mfumv2_1121, mfumv2_1122). 
Reduced cytochrome c, the end product of complex III, is a substrate for 
complex IV. This complex transports the electrons from cytochrome c to 
reduce molecular O2 into water. The genome of strain SolV encodes 9 proteins 
annotated as subunits of complex IV (Supplementary Table S3). In the current 
study, we detected a cbb3-type cytochrome oxidase (mfumv2_0385) at 
molecular masses of about 680 kDa and 480 kDa in the resulting treatment 
profiles of β-lauryl-maltoside and Triton X-100 (Figure 9). This subunit is 
encoded by an operon containing 3 other cytochrome oxidases 
(mfumv2_0384, mfumv2_0387, mfumv2_0388). Furthermore, 2 
heme/copper-type cytochrome oxidase proteins (aa3-type) were co-migrating 
at a molecular mass of ≈ 260 kDa in both treatment methods (mfumv2_0388, 
mfumv2_2181; Figure 9; Table 2).  
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Similar to cytochrome c family proteins, the lack of arginine and lysine 
residues in TMHs of complex IV proteins might result in the presence of 
insufficient hydrophilic domains to detect them by LC-MS/MS (mfumv2_1620, 
mfumv2_1259, mfumv2_0392). Furthermore, in the absence of lipids, 
membrane proteins with several TMHs tend to precipitate or aggregate in an 
aqueous environment with a pH approximately equal to the pI of the proteins 
(Eichacker et al., 2004; Wu et al., 2003). Due to this aggregation or 
precipitation, it is more unlikely to detect the tryptic peptides by mass 
spectrometry. We found four proteins of complex IV with more than 10 TMHs 
(no lipoprotein) with pI values close to the pH 7.2 of Pipes buffer used in this 
study (mfumv2_1621, mfumv2_1260, mfumv2_0387, mfumv2_0384). 
Electrons flow via the membrane protein complexes to the cytochrome c 
oxidases generates a proton motive force that is transformed to the cellular 
energy carrier ATP by the ATP synthase enzyme complex (Complex V). The 
genome of strain SolV encodes two operons of ATP synthase each consists of 8 
subunits (Supplementary Table S3). Using complexome profiling, we identified 
6 subunits (Mfumv2_2456 - 61) of the second operon of the ATP synthase at 
molecular masses of ≈ 610 kDa and ≈ 520 kDa in the resulting treatment 
profiles of β-lauryl-maltoside and Triton X-100 (Figure 10; Table 2). The 520 
kDa band obtained in the Triton X-100 treatment matches well with the 
calculated molecular mass of the complete ATP synthase (518 kDa), and the 
610 kDa band obtained in the β-lauryl-maltoside treatment might still contain 
the complete F1F0 complex. The expression levels of all subunits of the second 
operon of ATP synthase were found significantly higher compared to the 
corresponding subunits in the first operon of this enzyme complex regardless 
of the condition used for the growth of strain SolV (Khadem et al., 2012b; 
Mohammadi et al., 2016). The absence of the first operon of ATP synthase 
subunits in the resulting profiles could be related to their low protein 
concentrations and therefore they might be masked by highly abundant 
proteins. Table 3 shows all identified complexes of methane oxidation 
pathway, CO2 fixation, hydrogen metabolism and the electron transport chain 
in this study. 
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Table 3. An overview of all complexes of methane oxidation pathway, carbon dioxide fixation, 
hydrogen metabolism and the electron transport chain in this study. 
 
a Available in the supplementary Table S3 
b The treatment profiles are 1 and 5 g β-lauryl-maltoside/g protein (M1 and M5), and 0.05 and 1% 
(w/v) (T0.05   and T1), respectively. 
 
Conclusion 
In this study the membrane proteome of the verrucomicrobial 
methanotroph M. fumariolicum SolV was analyzed using a combination of BN-
PAGE and high throughput proteomics with complexome profiling. The 
combination of a first-dimension BN-PAGE and LC-MS/MS has been reported 
for pathogenic (Takabayashi et al., 2013; Zheng et al., 2011), and 
environmentally relevant microorganism (de Almeida et al., 2016). The 
analysis of the total membrane protein profile of strain SolV resulted in the 
unambiguous identification of 296 proteins. We showed the presence of 
important protein complexes in methane oxidation pathway (pMMO, MDH), 
carbon fixation (RuBisCO). Furthermore, we identified the essential protein 
complexes in the electron transport chain including NADH:quinone 
oxidoreductase (Complex I), succinate dehydrogenase (Complex II), 
Protein complex Known subunits 
in the genome a
Detected subunits
M1 M5 T0.05 T1 b
Electron transport chain
Complex I - NADH dehydrogenase 14 11 13 10 11
Complex II - Succinate dehydrogenase 3 3 3 2 3
Complex III - bc1 complex 11 0 1 0 0
Complex IV - cbb3-type terminal oxidase 2 1 1 1 1 
Complex IV - aa3-type terminal oxidase 7 1 2 1 2 
Complex V - ATP synthase (1st operon) 8 0 0 0 0
Complex V - ATP synthase (2nd operon) 8 6 5 6 6
CH4 oxidation and CO2 fixation pathway
pMMO complex (1st operon) 3 3 3 3 3
pMMO complex (2nd operon) 3 2 2 2 2
Xox-type MDH 3 1 2 2 2
NAD-dependent formate dehydrogenase  (FDH) 4 0 0 0 0
Putative membrane-bound FDH 6 1 4 0 3
RuBisCO complex 2 2 2 1 2
Hydrogen metabolism
hup-type hydrogenase (group 1d) 2 0 0 0 0
hhy-type hydrogenase (group 1h/5) 2 0 0 0 0
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cytochrome c proteins, class I (part of complex III), the terminal oxidase 
(Complex IV) and the ATP synthase (Complex V). Although the important 
complex proteins involved in the central energy metabolism of strain SolV 
were identified in this research, further studies are required to reveal where 
the cytochrome bc1 complex (complete complex III) is located and how it 
interacts with the other complexes. 
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Abstract 
Aerobic methanotrophs are a unique group of microorganisms that can use 
methane (CH4) as their sole energy source. Recently, the microbial 
methanotrophic diversity was extended by the discovery of thermo and 
mesophilic methanotrophs growing in geothermal areas at low pH and 
belonging to the Verrucomicrobia phylum. The presence of several pmo 
operons encoding the particulate methane monooxygenase, and a putative 
methanethiol (MT) oxidase gene in the genome of Methylacidiphilum 
fumariolicum strain SolV prompted us to examine its substrate spectrum with 
a focus on ethane, propane (short-chain alkanes) and methanethiol as 
alternative substrates for growth. Using batch and methanol limited 
continuous cultures, we showed that strain SolV was able to oxidize ethane 
and propane followed by an increase in optical density (OD600). Similarly, we 
showed that methanethiol and in addition, hydrogen sulfide were consumed 
by strain SolV resulting in an increase of biomass concentrations.  
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Introduction 
Methane (CH4) is a powerful greenhouse gas, which is released to the 
atmosphere both from natural and anthropogenic sources. Understanding 
sources and sinks of methane is important for future models of climate change 
on our planet. Microbial oxidation of methane is one of the key elements of 
the global carbon cycle. This oxidation can occur either aerobically (Hanson & 
Hanson, 1996; Op den Camp et al., 2009; Semrau et al., 2010) or anaerobically 
(Ettwig et al., 2010; Haroon et al., 2013; Knittel & Boetius, 2009).  
Aerobic methanotrophs are a unique group of microorganisms that can use 
methane (CH4) as their sole energy source (Hanson & Hanson, 1996). For many 
years, it was believed that aerobic methanotrophy was a feature only present 
in the phylum Proteobacteria, specifically in the subphyla Alpha- and 
Gammaproteobacteria (Op den Camp et al., 2009). Lately, two new phyla with 
representatives of aerobic methanotrophs were discovered: the intra-aerobic 
NC10 (Raghoebarsing et al., 2006; Ettwig et al., 2010; Hu et al., 2014) and the 
Verrucomicrobia phylum (Pol et al., 2007; Dunfield et al., 2007; Islam et al., 
2008).  
All of the verrucomicrobial methanotrophs of the genus Methylacidiphilum 
(strains Kam1, SolV and V4) have been enriched from geothermal ecosystems 
(Dunfield et al., 2007; Pol et al., 2007; Islam et al., 2008). These strains share a 
low pH (2 to 3.5) and a high temperature range (55 to 60°C) for an optimum 
growth (Op den Camp et al., 2009). Similar to most aerobic methane oxidizers, 
the Verrucomicrobia employ the particulate methane monooxygenase 
(pMMO) to oxidize methane to methanol in the first step of the methane 
oxidation. Furthermore, it has been shown that the verrucomicrobial 
methanotrophs (Strains SolV and V4) are autotrophs, fixing carbon from 
carbon dioxide using the Calvin-Benson-Bassham (CBB) cycle (Khadem et al., 
2011; Sharp et al., 2012), and strain SolV can fix nitrogen (Khadem et al., 
2010).  
In Methylacidiphilum fumariolicum strain SolV, the initial activation and 
oxidation of methane to methanol is catalyzed by the particulate methane 
monooxygenase (pMMO) enzyme. The genome of strain SolV shows the 
presence of three operons of pmo genes, each containing three subunits in 
the order of pmoC, pmoA and pmoB. It has been shown that the pmo operon 
including mfumv2_1796, mfumv2_1795 and mfumv2_1794 subunits was 
highly expressed under oxygen limited conditions (Khadem et al., 2012b; 
Mohammadi et al., 2016). In contrast, the pmo operon including 
mfumv2_1793, mfumv2_1792 and mfumv2_1791 subunits was shown to be 
highly expressed in the cells grown at µmax (0.07 h-1; Khadem et al., 2012b; 
Mohammadi et al., 2016). Interestingly, the third pmo operon including 
mfumv2_1606, mfumv2_1605 and mfumv2_1604 subunits was not expressed 
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under any of examined conditions. This prompted us to investigate the 
substrate spectrum of strain SolV in more detail with respect to the short-
chain alkanes ethane (C2H6) and propane (C3H8).  
The conversion of ethane and propane did not receive much attention until 
Crombie & Murrell (2014) recently reported the simultaneous growth of the 
methanotroph Methylocella silvestris (Alphaproteobacteria) on methane and 
propane. Redmond et al. (2010) identified novel methane-, ethane-, and 
propane-oxidizing bacteria at marine hydrocarbon seeps using stable isotope 
probing. They measured the consumption of 13C ethane and 13C propane by 
members of a novel group of Methylococcaceae (Gamma-proteobacteria) and 
a group of unclassified Gammaproteobacteria species, respectively (Redmond 
et al., 2010). Propane oxidation has been also reported for microorganisms 
belonging to the Actinobacteria phylum (Babu & Brown, 1984; Kotani et al., 
2003; 2006; Sharp et al., 2007; Masuda et al., 2012; Rasheed et al., 2013). Up 
to now the oxidation of short-chain alkanes including ethane and propane was 
observed in facultative methanotrophs containing the soluble methane 
monooxygenase (sMMO). In contrast, this process was not detected in the 
obligate and more limited facultative methanotrophs which only contain 
membrane-associated particulate methane monooxygenase (pMMO) enzyme 
(Crombie & Murrell, 2014; Stein et al., 2012; Dedysh et al., 1998).  
Analysis of the genome of strain SolV (Anvar et al., 2014) can be used to 
predict possible pathways that could be beneficial for growth of this 
verrucomicrobial methanotroph. Recently, Mohammadi et al. (2016) showed 
that M. fumariolicum SolV is a real ’Knallgas’ bacterium but also able to 
consume methane and hydrogen simultaneously using an oxygen-sensitive 
and oxygen tolerant hydrogenase, respectively. This finding expanded the 
substrate spectrum of strain SolV. Considering the presence of three pmoCAB 
operons (see above), one with a thus far unknown function and expression 
pattern prompted us to investigate the use of short-chain alkanes (not 
methane) as alternate substrates. In the first part of this chapter we used 
batch and chemostat cultures with ethane or propane to test whether M. 
fumariolicum strain SolV is able to oxidize and grow on these substrates.  
In the second part, we used methanethiol (MT; CH3SH) as an alternative 
substrate. Microbial cycling of organic sulfur compounds especially dimethyl 
sulfide (DMS) and methanethiol (MT) is important to study, because these 
compounds play a vital role in the processes of global warming, acid 
precipitation, and the global sulfur cycle (Lomans et al., 2002). MT oxidase 
catalyzes the oxidation of methanethiol to formaldehyde (CH2O), hydrogen 
sulfide (H2S) and hydrogen peroxide (H2O2) (Suylen et al., 1987; Gould & 
Kanagawa, 1992). This formaldehyde is assimilated directly into biomass (in 
alpha- and gammaproteobacteria) or oxidized to CO2 while sulfide is 
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converted to sulfite by MT oxidase or sulfide oxygenase which is further 
oxidized to sulfate by sulfite oxidase. Hydrogen peroxide is reduced to water 
and oxygen (Schäfer et al., 2010). Methanethiol has been reported as an 
intermediate product during dimethylsulfide (DMS) and dimethylsulphoxide 
(DMSO) degradation (Schäfer et al., 2010), and many aerobic microorganisms 
which are able to degrade (or oxidize) MT and DMS (and DMSO) have been 
isolated from sewage treatment plants, marine sediments, soil, and biofilters. 
The isolates mostly belong to the genera Thiobacillus, Methylophaga, and 
Hyphomicrobium (Suylen 1988; Sivelä & Sundmann 1975; Cho et al., 1991; De 
Bont et al., 1981; de Zwart et al., 1996; Pol et al., 1994; Smith & Kelly 1988; 
Visscher & Taylor 1993; Visscher et al., 1991; Zhang et al., 1991; Schäfer 2007; 
Badr et al., 2014). Furthermore, different studies reported isolation and 
purification of methanethiol oxidase (Lee et al., 2002; Gould & Kanagawa 
1992; Suylen et al., 1987). Anaerobic degradation of DMS and MT has been 
mainly assigned to the activity of methanogens, sulfate-reducing bacteria, 
anoxygenic phototrophs, and denitrifying bacteria (Zinder & Brock, 1978; 
Kiene et al., 1986; Kiene, 1988; Finster et al., 1992; Visscher & Taylor, 1993; 
Tanimoto & Bak, 1994). Many of the methanogens able to degrade DMS have 
been shown to grow also on MT as sole carbon and energy source (Ni & 
Boone, 1991; 1993; Finster et al., 1992). 
Although active MT oxidases were purified and studied (Lee et al., 2002; 
Gould & Kanagawa, 1992; Suylen et al., 1987) the gene encoding this enzyme 
remained unknown. Recently, the gene encoding the MT oxidase in 
Hyphomicrobium VS has been identified making genome surveys for this 
enzyme possible (personal communication with Dr. Hendrik Schäfer). The 
genome of strain SolV shows the presence of a putative methanethiol oxidase 
and this suggests the possibility of methanethiol oxidation by this 
microorganism. Figure 1 shows the expected pathway from methanethiol to 
carbon dioxide in M. fumariolicum strain SolV. We tested to what extent strain 
SolV is able to oxidize methanethiol without any inhibition by MT using batch 
and chemostat cultures. 
 
 
MT H2S
O2 H2O2
1
H2O HCHO
H2SO4
n. p.
HCOOH CO2
H2O + NAD
+ NADH + H+
2
H2O + NAD
+ NADH + H+
3
Cell biomass
4n. p.
Figure 1. The expected pathway from 
methanethiol to carbon dioxide in M. 
fumariolicum strain SolV. Symbols: 1. 
Methanethiol oxidase; 2. XoxF-type 
methanol dehydrogenase (MDH); 3. 
Formate dehydrogenase; 4. Ribulose-1,5-
bisphosphate carboxylase/oxygenase 
(RuBisCO). Dashed arrows indicate the 
absence of the sulfide-oxidizing enzymes 
(top), RuMP (ribulose monophosphate) 
and serine (bottom) pathway enzymes.  
n. p. = not present. 
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Materials & methods 
Microorganism and medium composition 
Methylacidiphilum fumariolicum strain SolV used in this study was initially 
isolated from the volcanic region Campi Flegrei, near Naples, Italy (Pol et al., 
2007). In this study the medium to obtain an OD600 of 1.0 was composed of 
0.2 mM MgCl2.6H2O; 0.2 mM CaCl2.2H2O; 1 mM Na2SO4; 2 mM K2SO4; 4 mM 
(NH4)2SO4 and 1 mM NaH2PO4.H2O. A trace element solution containing 1 µM 
NiCl2, CoCl2, MoO4Na2, ZnSO4 and CeCl3; 5 µM MnCl2 and FeSO4; 10 µM CuSO4 
and 40-50 µM nitrilotriacetic acid (NTA). The pH of medium was adjusted to 
2.7 using 1 M H2SO4. To avoid precipitation, CaCl2.2H2O and the rest of the 
medium were autoclaved separately and mixed after cooling. This medium 
composition was used in batch and continuous cultures, unless stated 
otherwise. 
 
Chemostat cultivation 
To test the consumption of methanethiol (MT) or ethane, a continuous 
culture with the standard medium containing 50 mM methanol (CH3OH; 
added through a 0.2 µm sterile filter to the medium) was used. The bioreactor 
was operated at 55 °C with a stirring rate at 700 rpm using a stirrer bar. The 
chemostat (liquid volume of 300 ml) was supplied with the medium at a flow 
rate of 3.9 ml.h-1 (D = 0.013 h-1), using a peristaltic pump. The cell-containing 
medium was removed automatically from the chemostat by a peristaltic pump 
when the liquid level reached the sensor in the reactor. A supply of 10 % O2 
(v/v) and 5 % CO2 (v/v) in argon (total gas flow = 10.6 ml.min-1) was directed to 
the reactor by mass flow controllers through a sterile filter and sparged into 
the medium just above the stirrer bar. The initial pH was 2.7 and it was 
regulated with 0.2 M NaOH connected to the vessel by a peristaltic pump. The 
pH at the steady state was kept about 2.2. At the steady state, while cells were 
grown under methanol limitation, a supply of methanethiol or ethane was 
introduced to the reactor by connecting to the gas inlet while it was regulated 
by a pump. An O2 sensor (Applikon, Delft, the Netherlands) in the liquid was 
coupled to a Biocontroller (Applikon) to monitor the dO2 values during growth. 
 
Batch cultivation 
The batch growth experiments were performed using 120 and 250 ml 
serum bottles containing 10 and 20 ml medium with a headspace containing 
air, CO2 (10 %) and CH4 (2 %), C2H6 (4 %) or C3H8 (4 %). All incubations were 
performed at 55 °C at 350 rpm. 
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MT oxidase (methanethiol and sulfide oxidation) activity tests 
SolV cells (10 ml; OD600 = 0.9; from the methanol limited continuous 
culture) were incubated in capped 120 or 250 ml serum bottles in the 
presence of air and different amounts of methanethiol or sulfide (in a range of 
20 – 500 nmol) at 55 °C and shaking at 350 – 400 rpm. 100 μl from the head-
space of the bottles was injected with a glass syringe every 1-2 min to a GC 
(7890B GC systems Agilent technologies; Santa Clara, USA) equipped with a 
Carbopack BHT100 glass column (2 m, ID 2 mm), a flame ionization (FID) and a 
flame photometric detector (FPD). The areas obtained were used to calculate 
the methanethiol and sulfide amount using a standard curve. 
 
Phylogenetic analysis  
The gene sequences of the putative methanethiol oxidase from different 
strains including Methylacidiphilum and Methylacidimicrobium species were 
downloaded from NCBI-GenBank. Conceptual translations into amino acids 
were performed and used for creating an alignment and phylogenetic analysis 
using MEGA 6 (Tamura et al., 2013). The evolutionary history was interpreted 
using the neighbor-joining method (Saitou & Nei, 1987). 
 
Elemental analysis 
In order to determine the total content of carbon and nitrogen, 10 ml of 
the culture suspension (duplicate) was centrifuged at 4,500 g for 30 min and 
the clear supernatant was used for the analysis. The nitrogen and carbon 
content in the supernatant was compared with the corresponding values in 
the whole cell suspension. The total carbon and nitrogen contents were 
measured using TOC-L and TNM-1 analyzers (Shimadzu, Kyoto, Japan). 
 
Respiration experiments 
Respiration rates were measured polarographically in a respiration cell 
with an oxygen microsensor (RC350, Strathkelvin, Motherwell, UK) using 3 ml 
of whole cell suspensions of strain SolV. Methane, propane or oxygen 
saturated medium were injected to the respiration chamber to obtain the 
desired dissolved gas concentrations. The O2 signal was monitored and 
recorded using SensorTrace Basic software (Unisense, Aarhus, Denmark). The 
temperature and stirring rate in the respiration chamber was adjusted to 55°C 
and 1000 rpm, respectively. Rates were expressed as nmol O2.min-1.mg DW-1 
and when necessary corrected for endogenous respiration.  
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Results & Discussion 
Growth of M. fumariolicum SolV on methanol using a continuous culture 
In order to test different substrates for growth of strain SolV, we started a 
continuous culture using methanol as an electron donor (medium flow rate = 
3.9 ml.h-1; D = 0.013 h-1). At the steady state, when methanol was the limiting 
growth factor, the optical density was stable (OD600 = 1.03 ± 0.02), and the 
consumption of methanol was measured at a rate of 25.9 nmol.min-1.mg DW-1. 
Most methanotrophs are highly selective, to the point that they grow only on 
methane and its one-carbon derivatives such as methanol, and cannot grow 
on complex, multi-carbon substrates such as sugars or organic acids. The most 
well known exception is the facultative methanotroph Methylocella silvestris, 
which is able to grow on acetate, ethanol, pyruvate, succinate, malate and 
propane in addition to methane and methanol (Dedysh et al., 2005; Chen et 
al., 2010; Crombie & Murrell 2014). Methylocapsa acidiphila B2, a typical 
obligate methanotroph which contains a pMMO enzyme but no sMMO, grows 
on methane and methanol (Dedysh et al., 2002). Methanol supported growth 
was demonstrated only when methanol was used at concentrations below 
0.05 % (v/v) (Dedysh et al., 2002).  
 
Oxidation of short-chain alkanes (ethane and propane) in M. fumariolicum 
SolV 
Before introducing any extra short-chain alkanes as a new substrate to the 
continuous culture, we tested natural gas (containing in v/v: 75 % CH4, 3 % 
C2H6 and 0.5 % C3H8) as substrate to grow SolV cells in a batch mode. We 
observed an exponential growth with a doubling time of 10.2 h, and a growth 
rate at 0.068 h-1 (97 % of µmax; Figure 2).  
 
 
Figure 2. Growth of strain SolV in the presence of natural gas (A); a closer look to ethane and 
propane consumption in the same experiment (B). The data points are the average of two 
replicates. 
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In this experiment, we observed a drop in the methane concentrations to 
values below the detection limit (20 ppm) of the GC. At the same time, ethane 
was consumed. Interestingly, propane consumption started once ethane and 
methane became limiting (after 50 h; Figure 2). Afterwards, we examined the 
growth of strain SolV in separate serum bottles with methane/propane (2 and 
4 %; Figure 3A) and methane/ethane (2 and 4 %; Figure 4A). We then used 
these adapted cells to start new cultures on ethane or propane only. In the 
incubation with propane in a 250-ml bottle containing 20 ml medium, we 
measured a consumption rate of propane at 2.8 nmol.min-1.mg DW-1. In this 
experiment, we observed an exponential growth at rate of 0.0068 h-1 (about 
10 % of µmax on CH4), equivalent with a doubling time of 102 h (Figure 3B).  
 
  
 
Moreover, respiration tests with propane using SolV cells from a 
continuous culture grown on methane (oxygen limited; D = 0.017 h-1) showed 
a respiration rate on propane at 2.4 nmol O2.min-1.mg DW-1. To the same cells 
in the respiration chamber, methane was added, and a rapid consumption of 
methane was measured at 232.5 nmol O2.min-1.mg DW-1. Once methane was 
consumed in the respiration chamber, a respiration rate at 22.6 nmol O2.min-1 
.mg DW-1 was obtained. We assume this respiration took place on propane 
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Figure 3. Batch growth of 
strain SolV in serum bottles 
with methane/propane (2 
and 4 %; A). The first arrow 
indicates an addition of 4 
mM NH4+ and 10 ml O2. The 
second arrow indicates an 
addition of extra trace 
element solution to avoid 
any limitation. (B) Growth of 
strain SolV in a batch 
condition with only propane 
using an inoculum from the 
incubation A. The data 
points are the average of 
three replicates. 
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which had been kept in the respiration chamber from the first injection. This 
rate is about 9 fold higher than that measured before addition of methane 
(2.4 nmol.min-1.mg DW-1). The latter respiration was not detected when 
propane had not been used. One could argue that the cells grown on CH4 from 
the oxygen limited reactor that have never seen propane, initially need 
methane to provide sufficient electrons and once methane is limited the cells 
switch to use propane. The respiration data supported our observation during 
the batch growth on natural gas, in which propane consumption happened 
after methane limitation (Figure 2). 
We also performed the same batch experiments with methane/ethane. In 
this test, we started the incubations with a gas mixture of methane and 
ethane (2 and 4 % (v/v)) in the head-space of a 250-ml bottle with 20 ml 
medium and start OD600 of 0.07. After 250 h, once methane was completely 
consumed, the OD600 reached 0.8. At this time, about 65 % of ethane was still 
present and growth continued till OD600 reached 1 when ethane was limited 
(Figure 4; after about 530 h). At this time, 5 ml ethane, 10 ml O2, 4 mM NH4+ 
and extra trace elements (enough for OD600 5) were added. Interestingly, we 
observed that growth continued (OD600 increased from 1 to 1.3; Figure 4), and 
a growth rate of 0.002 h-1 (about 3 % of µmax on CH4) was obtained, while 
ethane was being consumed at a rate of 1.5 nmol.min-1.mg DW-1. 
 
 
Figure 4. Growth of strain SolV with methane and ethane mixture, followed by a growth only 
using ethane. The arrow indicates an addition of 5 ml ethane, 10 ml O2, 4 mM NH4+ and extra 
trace elements (enough for OD 5). The values are the average of three replicates. 
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 Afterwards, we introduced ethane to a continuous culture grown on 
methanol as an electron donor (methanol limited; D = 0.013 h-1; see above), 
and then we monitored growth and measured ethane consumption. Once 
ethane was added to the cells, OD600 increased from 1.0 to 1.7 (70 % increase). 
The highest ethane consumption rate was measured at 15.6 nmol.min-1.mg- 
DW-1, which is about 60 % of the methanol consumption rate (25.9 nmol.min-1 
.mg DW-1) supporting the increase in optical density. The 10 fold increase in 
ethane consumption rate in the continuous culture compared to that in the 
batch incubations could be due to CO2 or NH4+ limitations in the batch 
experiments. During growth on ethane in the bioreactor, a C/N ratio about 77 
% of that during growth on methane or methanol was calculated (Figure 5). 
This matches well with the 70 % increase in biomass, and the 60 % of 
methanol consumption rate obtained during growth on ethane. 
 
 
Figure 5. Carbon to nitrogen ratios obtained during growth on methane (light grey), methanol 
(dark grey), ethane (white bar with a solid border line) and methanethiol (white bar with a 
dashed border line). 
 
Previously, ethane and propane oxidizing bacteria have been identified in 
marine hydrocarbon seeps (Redmond et al., 2010) however no activity rates 
were reported. Kotani et al. (2003) measured a propane oxidation rate of 157 
nmol.mg protein-1.h-1 in Gordonia sp. strain TY-5 (Actinobacteria), a bacterium 
able to use propane but no other gaseous alkanes. In the wild-type strain of 
Methylocella silvestris which contains sMMO and a soluble di-iron center 
monooxygenase (SDIMO), Crombie and Murrell (2014) reported growth rates 
of 0.005 and 0.015 h-1 on 2.5 and 20 % (v/v) propane, respectively. In our 
study, the calculated growth rates on propane (0.0068 h-1) and ethane (0.002 
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incubations. In order to calculate the μmax on propane and ethane, the ratios 
between substrate versus oxygen and substrate versus CO2, we need more 
detailed physiological experiments using continuous cultures of strain SolV 
with ethane or propane. 
 
Oxidation of MT and hydrogen sulfide by M. fumariolicum SolV 
To show that strain SolV is able to oxidize methanethiol, activity tests with 
different methanethiol concentrations were used. We tried to determine the 
affinity constant (Ks), Vmax and inhibitory concentrations of this substrate for 
growth of strain SolV. In this experiment, we added methanethiol in a range 
from 30 to 400 nmol to 120-ml serum bottles containing 10 ml cell suspension 
(from a methanol limited continuous culture). The consumption of 
methanethiol was measured using a GC. The control, medium and 
methanethiol without cells, did not show oxidation of MT while in 
experiments with SolV cells, we measured consumption rates of MT up to 1.7 
nmol.min-1.mg DW-1. The highest rate of MT consumption (Vmax) was 
calculated to be about 2.3 nmol.min-1.mg DW-1, and an affinity constant (Ks) of 
about 0.1 μM was calculated for whole cells (Table 1). Figure 6 shows the tests 
with the lowest and highest amount of methanethiol used in incubations.  
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In the activity experiment with initial amount of 400 nmol MT, we 
measured a constant oxidation rate of MT at 0.58 nmol.min-1.mg DW-1 in the 
initial phase of the incubation until MT levels in the headspace of the 
incubation bottle reached about 230 nmol (3.1 μM in the liquid phase) after 
160 min, after which the consumption rate of MT was calculated about 0.06 
nmol.min-1.mg DW-1 (about 10 % of the initial rate). Addition of oxygen did not 
increase the oxidation rate of methanethiol suggesting that the cells activity 
was inhibited (Figure 6C). The total amount of methanethiol in other 
incubations (containing 180 and 250 nmol MT) was consumed completely in a 
period of 1 h. Therefore, we can conclude that when MT concentrations 
exceed 3 nmol per ml gas in the head-space, inhibition of SolV cells does 
occur.  
We further tested the methanethiol oxidation by feeding it to a methanol 
limited continuous culture (D = 0.013 h-1). We observed an increase in OD600 
from 1.04 to 1.14 (about 10 % increase), and the highest consumption rate of 
methanethiol was measured at 0.21 nmol.min-1.mg DW-1, which is about 1 % 
of the methanol consumption rate. Moreover, similar to our observations in 
the batch activity experiments, we found that when methanethiol 
concentrations rose above about 3 nmol per ml gas in the head-space of the 
reactor, a part of the fed MT was detected in the gas outlet of the reactor. 
During feeding the reactor with methanethiol, a C/N ratio of 46 % compared 
to that during growth on methanol was calculated (Figure 5). Although MT 
oxidation activity was observed in our experiments, we have not been able to 
conclude whether pMMO or MT oxidase is connected to this oxidation. 
Previously, the co-oxidation of MT by purified methane monooxygenase 
(MMO) has been reported (Colby et al., 1977). Furthermore, Lee et al. (2015) 
showed that MT has been primary removed by particulate methane 
monooxygenases (pMMO) in a methane-oxidizing consortium, however MT 
and H2S have been shown to inhibit methane oxidation.  
In the studies of isolation and characterization of the methanethiol oxidase 
enzyme, the Km values of 5 – 10 μM (Hyphomicrobium) and 31.3 μM 
(Thiobacillus thioparus) were reported (Suylen, et al., 1987; Gould & 
Kanagawa 1992). Specific activities of 2.13, 1.27 and 1.24 μmol.min-1.mg 
protein-1 were reported in Hyphomicrobium and Thiobacillus thioparus, 
respectively (Suylen, et al., 1987; Gould & Kanagawa 1992; Lee et al., 2002). 
Based on the rates measured and the increase in biomass yield, it became 
apparent that the cells may use more than methanethiol only. Therefore, we 
hypothesize that H2S, a product of methanethiol oxidation, could also be 
oxidized and contribute to more biomass. Similar to activity experiments with 
MT, we further examined the oxidation of H2S (S2-; sulfide) in strain SolV. We 
used sulfide in a range of 25 to 500 nmol in multiple incubations using 250 ml 
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serum bottles containing 8 ml cell suspension (from a methanol limited 
continuous culture; Figure 7). In these experiments, we calculated sulfide 
consumption rates in a range of 2.7 - 9.3 nmol.min-1.mg DW-1.  
 
 
 
The highest measured sulfide consumption rate (9.3 nmol.min-1.mg DW-1) 
was 36 % of the methanol consumption rate in the methanol limited 
chemostat culture (D = 0.013 h-1). Such a relatively high activity for sulfide 
oxidation could explain a 10 % increase in biomass that occurred in continuous 
culture with additional methanethiol supply. The Ks and Vmax for sulfide in 
whole cells were calculated at 0.3 μM and 17.7 nmol.min-1.mg DW-1, 
respectively (Table 1). In the studies of isolation and characterization of the 
hydrogen sulfide oxidase enzymes in sulfur-oxidizers, specific activities ranging 
from 1.73 μmol.h-1.mg protein-1 (Bacillus sp. BN53-1) to 154.3 nmol.min-1.mg 
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protein-1 (Thiobacillus ferrooxidans) were reported (Nakada & Ohta, 1999; 
Sugio et al., 1987). Sulfide oxidation is known for Thiobacillus thioparus, T. 
concretivorus, Chromatium vinosum and Hyphomicrobium (Kusai & Yamanaka 
1973; Cho et al., 1991; Smith & Kelly 1988; Tanji et al., 1989). Honma and 
Akino (1998) showed that an isolate from soil samples, Pseudomonas sp. 
strain DO-1, is able to remove sulfide and MT during aerobic incubations. 
Within the Proteobacteria phylum, Acidithiobacillus thiooxidans, which is able 
to grow using H2S as energy source at low pH, and Arcobacter sp. have been 
shown to remove hydrogen sulfide and dimethyl sulfide from water streams 
(Sercu et al., 2005; Gusseme et al., 2009). Sulfide oxidation has not been 
extensively studied in methanotrophs. Previously, Lee et al. (2012) reported 
H2S consumption in Sphingopyxis sp. MD2, a facultative methanotroph 
(Alphaproteobacteria). They showed that strain MD2 degrades MT and H2S, 
regardless of the presence of methane (Lee et al., 2012) however no affinity 
constant and Vmax were reported. Although studies on hydrogen sulfide 
oxidation in methanotrophs are limited, oxidation of dimethyl sulfide in 
methanotrophic isolates of Methylomicrobium has been previously reported 
(Fuse et al., 1998; Sorokin et al., 2000). Volatile organic sulfur compounds 
have been shown to adversely influence the growth and activity of 
methanotrophs (Börjesson, 2001; Lee et al., 2011; Lee et al., 2015). This could 
explain the limited number of studies on sulfide oxidation in methanotrophs.  
 
Table 1. The calculated Ks and Vmax for methanethiol and hydrogen sulfide in cells of M. 
fumariolicum strain SolV. 
 
 
To investigate the metabolism of hydrogen sulfide oxidation and identify 
the genes responsible for this conversion, we need to perform more growth 
and expression experiments in sulfide limited batch or chemostat cultures. So 
far the annotation of the genome of strain SolV did not reveal the presence of 
hydrogen sulfide oxidase.  
 
Phylogenetic analysis of MT oxidase 
Methanethiol oxidase was purified from several species including 
Hyphomicrobium EG (Suylen et al., 1987), Thiobacillus thioparus Tk-m (Gould 
& Kanagawa, 1992), and Rhodococcus rhodochrous (Kim et al., 2000). However 
the genetic basis and biochemistry of DMS and MT degradation in these 
isolates has remained largely uncharacterized. Recently, the gene encoding 
the MT oxidase of Hyphomicrobium VS has been identified (personal 
Substrate Ks (μM) Vmax (nmol.min
-1.mg DW-1)
Methanethiol 0.1 2.3
Hydrogen sulfide 0.3 17.7
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communication with Dr. Hendrik Schäfer). The genome of strain SolV was 
analyzed for putative methanethiol oxidase-encoding genes (previously 
annotated as SBP56 proteins) and for comparison, identical genes in the full 
and draft genomes of other verrucomicrobial methanotrophs were identified 
(Hou et al., 2008; Anvar et al., 2014; Sharp et al., 2014; van Teeseling et al., 
2014; Erikstad & Birkeland 2015). Both mesophilic and thermophilic 
verrucomicrobial strains contain a methanethiol oxidase (MT oxidase) gene 
(Table 2).  
 
Table 2. An overview of methanethiol oxidase genes present in the verrucomicrobial 
thermophilic and mesophilic strains isolated in the geothermal environments.  
 
a Available at the MicroScope annotation platform.  
b The draft genomes of strains 4AC and 3B are fragmented. 
 
The methanethiol oxidases of verrucomicrobial strains and 162 bacterial 
species were used to generate a phylogenetic tree. This analysis showed that 
the MT oxidase gene is mainly present in Proteobacteria and Actinobacteria, 
and all MT oxidase enzymes of mesophilic and thermophilic verrucomicrobial 
strains are phylogenetically closely related except for the MT oxidase of 
Methylacidimicrobium sp. LP2A, which has only 28% sequence similarity to the 
MT oxidase of strain SolV. The MT oxidase of strain LP2A was found to be 
closely related to Alphaproteobacteria (Hyphomicrobium, Methyloversatilis 
and Methylocystis species), whereas the MT oxidase of other verrucomicrobial 
strains was found to be related to Alphaproteobacteria (Rhizobium and Ensifer 
species), Betaproteobacteria (Burkholderia species), and Actinobacteria 
(Actinomadura and Micromonospora species; Figure 8).  
 
 
 
 
 
Organism Gene ID a
Methylacidiphilum fumariolicum SolV mfumv2_0802
Methylacidiphilum kamchatkensis Kam1 JQNX01_v1_30087
Methylacidiphilum infernorum V4 Minf_0610
Methylacidimicrobium tartarophylax 4AC b 60380.peg.207
Methylacidimicrobium fagopyrum 3C VER3v2_480149
Methylacidimicrobium cyclopophantes 3B b 60379.peg.1025
Methylacidimicrobium LP2A MAMLP_v1_20221
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Figure 8. The methanethiol oxidase gene-based phylogenetic tree of 169 bacterial species was 
inferred using the Neighbor-Joining method (Saitou & Nei, 1987). The percentage of replicate 
trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are 
shown next to the branches (Felsenstein, 1985). The evolutionary distances were computed 
using the Poisson correction method (Zuckerkandl & Pauling, 1965) and are in the units of the 
number of amino acid substitutions per site. Evolutionary analyses were conducted in MEGA6 
(Tamura et al., 2013). 
 
Concluding remarks 
In conclusion, we showed that M. fumariolicum SolV is able to oxidize 
ethane, propane, methanethiol, and hydrogen sulfide. Detailed physiological, 
transcriptome analyses of strain SolV is essential to determine the growth 
yield and identify highly expressed genes under growth conditions with these 
alternative substrates. In addition, purification and characterization of pMMO, 
methanethiol oxidase and putative hydrogen sulfide oxidase is required.  
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Abstract 
Methanotrophic bacteria play an important role in balancing the 
atmospheric methane concentration. Recently, the microbial methanotrophic 
diversity was extended by the discovery of thermo- and mesophilic 
methanotrophs in geothermal areas growing at low pH and belonging to the 
Verrucomicrobia phylum. Here we show that the mesophilic verrucomicrobial 
methanotroph, Methylacidimicrobium tartarophylax 4AC, is able to grow on 
hydrogen/carbon dioxide in the absence of methane under oxygen limitation. 
The draft genome of strain 4AC revealed the presence of one oxygen-sensitive 
hydrogen uptake hydrogenase (hup-type). This hup-type hydrogenase was 
shown to belong to the [NiFe] group 1b hydrogenases and responsible for 
growth of strain 4AC with a maximum growth rate of 0.0048 h-1 and a yield of 
2.1 g DW.Mol H2-1 under oxygen limited conditions. This growth rate is about 
14 % compared to that on methane. These results show that under natural 
conditions where hydrogen, methane and oxygen might be limiting, strain 4AC 
may also use hydrogen for its growth. 
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Introduction 
Microbial oxidation of methane is one of the vital elements of the global 
carbon cycle. This oxidation can occur either aerobically (Hanson & Hanson, 
1996; Op den Camp et al., 2009; Semrau et al., 2010) or anaerobically (Knittel 
& Boetius, 2010; Ettwig et al., 2010; Haroon et al., 2013). Aerobic 
methanotrophs are a unique group of microorganisms that can use methane 
(CH4) as their sole energy source (Hanson & Hanson, 1996). For many years it 
was believed that aerobic methanotrophy was a feature restricted to the 
phylum Proteobacteria, specifically in the subphyla Alpha- and 
Gammaproteobacteria (Op den Camp et al., 2009). Lately, the 
Verrucomicrobia, a phylum with new representatives of aerobic 
methanotrophs, was described (Pol et al., 2007; Dunfield et al., 2007; Islam et 
al., 2008).  
All of the verrucomicrobial methanotrophs of the genus Methylacidiphilum 
(strains Kam1, SolV and V4) have been enriched from geothermal ecosystems 
(Pol et al., 2007; Op den Camp et al., 2009; Sharp et al., 2013). These strains 
share a low pH (2 to 3.5) and a high temperature range (55 to 60°C) for 
optimal growth (Op den Camp et al., 2009). Similar to most aerobic methane 
oxidizers, the Verrucomicrobia employ the particulate methane 
monooxygenase (pMMO) to oxidize methane to methanol in the first step of 
the methane oxidation. Furthermore, it has been shown that the 
verrucomicrobial methanotrophs (Strains SolV and V4) are autotrophs, fixing 
carbon from carbon dioxide using the Calvin-Benson-Bassham (CBB) cycle 
(Khadem et al., 2011; Sharp et al., 2012). 
During the isolation of the thermophilic verrucomicrobial methanotrophs 
(strains V4 and SolV), mesophilic isolates were also encountered (Dunfield et 
al., 2007). Recently, Sharp et al. (2014) isolated strain LP2A in pure culture 
from the mesophilic enrichment culture obtained previously (Dunfield et al., 
2007). Growth of strain LP2A was observed from 17 to 37°C (optimum 30°C) 
and its 16S rRNA gene sequence similarity to the Methylacidiphilum genus was 
reported to be only 89.6 % (Sharp et al., 2014). Lately, van Teeseling et al., 
(2014) isolated and characterized three new species of mesophilic acidophilic 
verrucomicrobial methanotrophs from diverse soil spots at the Solfatara 
crater, which is at the center of the Campi Flegrei caldera, near Naples (Italy). 
The 16S rRNA genes of these new isolates were only about 89 % similar to the 
Methylacidiphilum species and 97 - 98 % identical to strain LP2A. Therefore, 
the new genus name Methylacidimicrobium was proposed including the novel 
species Methylacidimicrobium tartarophylax 4AC, Methylacidimicrobium 
fagopyrum 3C, and Methylacidimicrobium cyclopophantes 3B (van Teeseling et 
al., 2014) and Methylacidimicrobium strain LP2A. It has been reported that 
these mesophilic Methylacidimicrobium species were more acid tolerant 
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compared to their thermophilic relatives. M. tartarophylax strain 4AC was 
found the most tolerant species growing even at pH 0.5. The optimum growth 
temperature and the maximum growth rate (µmax) were observed between 35 
to 44 °C and 0.013 to 0.040 h-1, respectively (van Teeseling et al., 2014). 
Similar to the verrucomicrobial thermophilic strains SolV and V4, all three 
newly isolated species grow autotrophically using the Calvin cycle to fix carbon 
dioxide (van Teeseling et al., 2014). Furthermore, glycogen and electron-dense 
particles were observed in the cytoplasm of all three species, and cells of M. 
fagopyrum strain 3C were demonstrated to possess intracytoplasmic 
membrane stacks (van Teeseling et al., 2014). 
In volcanic habitats, molecular hydrogen might be available as an 
alternative supply of reducing equivalents to methanotrophs. Many different 
(sub)phyla of the bacteria including Proteobacteria and Verrucomicrobia have 
been shown to contain putative hydrogenases (Greening et al., 2016). The 
consumption of hydrogen has been demonstrated for the obligate methane 
oxidizers Methylosinus sp. (De Bont, 1976), Methylocystis sp. and 
Methylococcus capsulatus Bath (Csáki et al., 2001; Kelly et al., 2005). In these 
methanotrophs, the hydrogen gas produced during nitrogen fixation might be 
recycled by the hydrogenases to “save” reducing equivalents (Bothe et al., 
2010). A hupLS mutant of M. capsulatus Bath demonstrated increased H2 
production under nitrogen fixing conditions (Csáki et al., 2001). The presence 
of genes encoding the large and small subunit of both uptake hydrogenases 
and the ribulose-1,5-bisphosphate carboxylase (RuBisCO) in several 
proteobacterial methanotrophs suggests the possibility of autotrophic growth. 
Previously, autotrophic growth of Mc. capsulatus Bath was observed on solid 
agar media, but physiological studies in liquid media did not support this 
observation (Dalton & Whittenburry, 1976; Taylor et al., 1981; Stanley & 
Dalton, 1982; Baxter et al., 2002). 
In Chapter 2 of this thesis we showed that M. fumariolicum SolV was able 
to grow autotrophically as a Knallgas bacterium on hydrogen and carbon 
dioxide. The full genome of strain SolV revealed the presence of two 
hydrogenases genes which phylogenetically were classified as hup- and hhy-
type coding for periplasmic bound Group 1d and a cytosolic Group 1h/5 
hydrogenases, respectively (Anvar et al., 2014; Mohammadi et al., 2016 
(Chapter 2)). The hhy-type hydrogenase was constitutively expressed and 
active, resulting in considerable hydrogen respiration (6 % compared to 
methane) of cells grown at ambient air concentration on methane. The hup-
type hydrogenase was oxygen sensitive and only expressed when oxygen was 
reduced to below 0.2 % (Mohammadi et al., 2016). The expression level of this 
hydrogenase increased under nitrogen fixing and oxygen limited conditions 
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when compared to batch grown cells under ambient air (Khadem et al., 2012b; 
Mohammadi et al., 2016).  
The draft genomes of mesophilic verrucomicrobial methanotrophs strain 
4AC, 3B, 3C and LP2A (Sharp et al., 2014; van Teeseling et al., 2014) revealed 
the presence of only one type of hydrogenase. These strains lack the hhy-type 
Group 1h/5. The large subunit of the hup- type Group 1d hydrogenase of 
strains 3B, 3C, 4AC and LP2A is only 46 to 48 % similar to the large subunit of 
this group 1d hydrogenase present in strain SolV. Likewise, the small subunit 
of this hydrogenase shares 42 to 44 % similarity to strain SolV. Since the O2-
tolerant hhy-type Group 1d hydrogenase is absent in the verrucomicrobial 
mesophilic strains, we assume that these mesophilic strains can only grow on 
hydrogen when oxygen is limited. Previously, a high sensitivity to oxygen was 
observed for strain 4AC. The growth rate with methane at an oxygen 
concentration of 5 % was found to be 2-fold higher than that measured at 
ambient oxygen concentration (van Teeseling et al., 2014). These observations 
prompted us to study strain 4AC in more details regarding growth on 
hydrogen in the absence of methane under oxygen limitation. Physiological 
experiments demonstrated that Methylacidimicrobium tartarophylax 4AC can 
grow autotrophically on hydrogen and carbon dioxide. 
 
Materials & Methods 
Microorganism and medium composition 
Methylacidimicrobium tartarophylax strain 4AC used in this study was 
initially isolated and enriched from diverse soil spots at the Solfatara crater, 
which is at the center of the Campi Flegrei caldera, near Naples (Italy) (Pol et 
al., 2007; van Teeseling et al., 2014). In this study the medium was composed 
of 0.2 mM MgCl2.6H2O; 0.2 mM CaCl2.2H2O; 1 mM Na2SO4; 2 mM K2SO4; 2 mM 
(NH4)2SO4 (10 mM to reach OD 5) and 1 mM NaH2PO4.H2O. A trace element 
solution was used containing 1 µM NiCl2, CoCl2, MoO4Na2, ZnSO4 and CeCl3, 5 
µM MnCl2 and FeSO4, 10 µM CuSO4 and 50 µM nitrilotriacetic acid (NTA). The 
pH of medium was adjusted to 3.0 using 1 M H2SO4. To avoid precipitation, 
CaCl2.2H2O and the rest of the medium were autoclaved separately and mixed 
after cooling. This medium composition contains all nutrients to obtain an 
OD600 of 1.0 and was used in batch and continuous cultures, unless stated 
otherwise. 
 
Chemostat cultivation 
The reactor (Applikon Biotechnology, Delft, NL) was operated at 38 °C with 
stirring at 470 rpm. During growth on methane, the oxygen limited continuous 
culture (liquid volume of 950 ml) was supplied with medium at a flow rate of 
15.6 ml.h-1 (D = 0.016 h-1). A gas supply of 6 % CH4 (v/v), 5 % CO2 (v/v) and 3 % 
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O2 was provided by mass flow controllers (MFC) through a sterile filter and 
sparged into the medium at a gas flow rate of ≈ 13 ml.min-1. The dO2 of 
approximately 0 – 0.02 % was obtained when the cells reached a steady state. 
During growth on hydrogen, the oxygen limited chemostat (liquid volume of 
1.3 L) was supplied with medium at a flow rate of 5 ml.h-1 (D = 0.004 h-1). A gas 
supply of 15 % H2 (v/v), 5 % CO2 (v/v) and 3 % O2 was provided by mass flow 
controllers (MFC) through a sterile filter and sparged into the medium at a gas 
flow rate 13.2 ml.min-1. The dO2 of about 0 - 0.01 % was obtained when cells 
reached a steady state. The cell-containing medium was removed 
automatically from the chemostat by a peristaltic pump when the liquid level 
reached the sensor in the reactor. During growth on methane or hydrogen, 
the pH was regulated in the steady state at 2.8 and 4.0 using 0.2 M NaOH, 
respectively. 
 
Batch cultivation 
To start a continuous culture on hydrogen, we initially tried to grow strain 
4AC in batch mode in the bioreactor used for the chemostat cultivation. To 
obtain the maximum growth rate (μmax) on methane, cells were grown at 38 °C 
at 470 rpm without any limitation in the medium using a gas supply in which 
O2 concentration was below 5 %. In order to obtain the μmax on hydrogen, cells 
were grown at 38 °C at 470 rpm without any limitation in the medium while 
the dO2 was kept at 0 - 0.01 %. The batch growth was repeated at least 2 times 
for 4 generations. 
 
Gas analysis 
The consumption of hydrogen and carbon dioxide was measured using a 
HP 5890 gas chromatograph (Agilent, Santa Clara, USA) equipped with a 
Porapak Q column (1.8 m, ID 2 mm) and a thermal conductivity detector. For 
all gas analyses 30 - 40 μl gas samples were injected with a glass syringe. The 
consumption of methane was analyzed using a HP 5890 gas chromatograph 
(Agilent,USA) equipped with a Porapak Q column (1.8 m, ID 2 mm) and a flame 
ionization detector. For methane analysis 100 μl gas samples were injected 
with a glass syringe. The consumption of oxygen was measured on an Agilent 
series 6890 gas chromatograph (GC) equipped with Porapak Q and Molecular 
Sieve columns and a thermal conductivity detector as described before (Ettwig 
et al., 2008). For oxygen analysis 50 μl gas samples were injected with a glass 
syringe. 
  
Dry weight determination and elemental analysis 
To determine biomass dry-weight concentration, 10 ml of the culture 
suspension (triplicate) was filtered through pre-weighed 0.45 µm filters and 
121 
 
dried to constant weight in a vacuum oven at 60°C. In order to determine the 
total content of carbon and nitrogen, 10 ml of the culture suspension 
(duplicate) was centrifuged at 4,500 g for 30 min and the clear supernatant 
was used for the analysis. The nitrogen and carbon content in the supernatant 
was compared with the corresponding values in the whole cell suspension. 
The total carbon and nitrogen contents were measured using TOC-L and TNM-
1 analyzers (Shimadzu, Kyoto, Japan). 
 
Respiration experiments 
Respiration rates were measured polarographically in a respiration cell 
with an oxygen microsensor (RC350, Strathkelvin, Motherwell, UK) using 3 ml 
of whole cell suspensions of strain 4AC. Methane, hydrogen or oxygen 
saturated medium was injected to the respiration chamber to obtain the 
desired dissolved gas concentrations. The O2 signal was monitored and 
recorded using SensorTrace Basic software (Unisense, Aarhus, Denmark). The 
temperature and stirring rate in the respiration chamber was adjusted to 38 °C 
and 1000 rpm, respectively. Rates were expressed as nmol O2.min-1.mg DW-1 
and when necessary corrected for endogenous respiration. To avoid too high 
oxygen concentrations at the start of an experiment, samples taken from 
cultures were immediately transferred into rubber septum sealed bottles 
under an anoxic atmosphere of nitrogen and carbon dioxide. These bottles 
contained medium in case dilution was necessary. A subsample was taken 
from the bottle by a syringe with a long needle and introduced into the 
respiration chamber at the bottom with the oxygen probe in place while 
pushing out the air via the inlet channel. 
 
Hydrogenase classification and phylogenetic analysis  
The gene sequences of the large and small subunit of uptake hydrogenases 
from different strains including Methylacidiphilum and Methylacidimicrobium 
species were downloaded from NCBI-GenBank. Conceptual translations into 
amino acids were performed and used for creating an alignment and 
phylogenetic analysis using MEGA 6 (Tamura et al., 2013). The evolutionary 
history was interpreted using the neighbor-joining method (Saitou & Nei, 
1987). The Snapgene® viewer 3.2.1 software was used to compare genome 
regions encoding homologous hydrogenases. 
 
Results  
Hydrogen oxidation tests of Methylacidimicrobium tartarophylax 4AC grown 
on CH4  
To show hydrogen oxidation by strain 4AC, the cells were cultivated on 
methane in the bioreactor using batch and chemostat conditions. Considering 
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the high sensitivity to oxygen of strain 4AC (van Teeseling et al., 2014), we 
initially examined the maximal stirring rate that could be used during the 
growth. We observed increasing of the stirring rate from 400 to 1000 rpm 
resulted in a decrease of the growth rate on methane from 0.033 to 0.012 h-1, 
respectively (Figure 1).  
 
 
 
At stirring rates lower than 400 rpm no further increase in the growth rate 
was observed compared to the µmax reported previously (0.035 h-1, van 
Teeseling et al., 2014). Therefore, growth experiments were performed at 400 
to 500 rpm. Cells from batch cultures of strain 4AC growing on methane at a 
growth rate (µ = 0.033 h-1) and oxygen concentrations at 1 % did not show any 
hydrogen oxidation when oxygen concentration in the respiration chamber 
was 175 µM (Table 1), however hydrogen oxidation was measurable when O2 
concentrations became lower than 40 µM (4.1 nmol.min-1.mg DW-1; Table 1). 
This rate was about 4 % of the oxygen consumption with methane 
(105.9 nmol.min-1.mg DW-1; Table 1). Furthermore, we measured respiration 
rates < 1 nmol.min-1.mg DW-1 in cells grown on methane in a continuous 
culture under O2 limitation at oxygen concentrations above 100 µM in the 
respiration chamber (Table 1) and again elevated rates were measured when 
O2 concentrations were below 30 µM (4.1 and 2.8 nmol.min-1.mg DW-1; Table 
1). Based on our observations, we assume that strain 4AC could oxidize 
hydrogen only when the oxygen concentration in the respiration chamber is 
less than 30 µM. To test this hypothesis, we transferred the methane grown 
cells directly from the continuous culture under oxygen limitation to a closed 
serum bottle with a headspace gas of hydrogen and nitrogen. A subsample 
was taken from this bottle by a syringe with a long needle and introduced at 
the bottom of the respiration chamber.  
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Figure 1. The effect of 
increasing the stirring speed on 
the growth rate of strain 4AC 
during growth on methane. 
Each data point represents two 
independent experiments at a 
same stirring speed.   
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Using this procedure, we obtained a 10 µM O2 concentration in the 
respiration chamber at the start of the experiment and this clearly resulted in 
higher hydrogen respiration rates (8.3 nmol.min-1.mg DW-1; Table 1). This is a 
strong indication that the hydrogenase responsible for the hydrogen oxidation 
activity was only expressed and active under oxygen limited conditions and 
that it is highly oxygen sensitive. 
 
Autotrophic growth of M. tartarophylax 4AC on hydrogen 
Hydrogen was introduced into a bioreactor batch culture on methane with 
a growth rate of 0.02 h-1, where the dO2 value was kept below the detection 
limit (reading value between 0 - 0.01 %). The total gas in flow was kept at 13.2 
ml.min-1. After a period of 4 d when both hydrogen and methane were 
simultaneously consumed, methane was removed from the gas mixture while 
keeping the total gas flow still constant at 13.2 ml.min-1. In the batch growth 
of strain 4AC with hydrogen only, we measured a growth rate of 0.0048 h-1 
(± 0.0005) indicating a doubling time of 144 h (Td). To obtain higher growth 
rates we gradually increased the oxygen supply using a MFC (mass flow 
controller) until dO2 spikes (maximum 0.02 %) were being observed. At this 
point we stopped increasing the O2 supply, and after a few hours the same 
procedure was being repeated. The optical density (OD600) and the 
consumption rates of gasses were measured every day. The highest hydrogen 
consumption rate (using a GC) during the batch growth was measured at 63 
nmol H2.min-1.mg DW-1. Meanwhile, the consumption rates of oxygen and 
carbon dioxide were calculated.  
After the successful batch growth on hydrogen only, we switched to a 
continuous culture mode with a growth rate (D) at 0.004 h-1 which is about 83 
% of the µmax. During the steady state, we measured the hydrogen, carbon 
dioxide and oxygen consumption rates resulting in 36.6, 6.4 and 
14.1 nmol.min1.mg DW-1, respectively. In both batch and continuous cultures 
using hydrogen, the dO2 value was kept at zero. In order to confirm the high 
sensitivity of the hydrogenase of strain 4AC to oxygen that was observed 
previously in the respiration experiments, we monitored the growth in the 
batch condition when oxygen was in excess. As soon as the cells were exposed 
to a surplus amount of oxygen, we first observed a slow increase of the dO2 
signal to 0.05 - 0.1 % followed by a rapid increase showing that growth ceased 
due to inhibition of the hydrogenase confirming the high sensitivity of the 
hydrogenase of strain 4AC towards oxygen. 
 
Yield 
To determine the growth yield on methane, an oxygen limited continuous 
culture (D = 0.016 h-1) was used and the consumption of methane was 
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measured. Based on dry weight (DW) measurements a yield value of 5.1 ± 0.2 
g DW.mole CH4-1 was obtained. The stoichiometry of methane oxidation was 
assessed both by the oxygen consumption measurements (CH4 versus O2) and 
gas chromatographic analysis (for CH4 versus CO2) measurements and resulted 
in the following stoichiometry: 
CH4 + 1.55 O2  0.66 CO2 + 1.44 H2O + 0.34 CH2O (biomass) 
Organic carbon analysis of centrifuged culture samples revealed the presence 
of 12 % of the total organic matter in the supernatant. In addition, a 
continuous culture on hydrogen under oxygen limitation (D = 0.004 h-1) was 
used to assess the growth yield on hydrogen. Based on the consumption of 
hydrogen and dry weight measurements a yield value of 2.1 ± 0.2 g- 
DW.mole H2-1 was obtained. The stoichiometry of hydrogen oxidation was 
assessed both by the oxygen consumption measurements (H2 vs O2) and gas 
chromatographic analysis (for H2 vs CO2) measurements and resulted in the 
following stoichiometry: 
H2 + 0.38 O2 + 0.17 CO2  0.83 H2O + 0.17 CH2O (biomass) 
 
Hydrogenase classification and phylogenetic analysis 
The draft genome of strain 4AC was analyzed for hydrogenase-encoding 
genes and its accessory genes. For comparison identical genes in the full and 
draft genomes of other verrucomicrobial methanotrophs were identified (Hou 
et al., 2008; Anvar et al., 2014; Sharp et al., 2014; van Teeseling et al., 2014; 
Erikstad & Birkeland 2015). Both mesophilic and thermophilic strains contain a 
hydrogenase encoded by the genes hupS (small subunit) and hupL (large 
subunit; Supplementary Table S1). Survey of the genomes also revealed an 
electron transport unit (cytB) and several accessory genes including a high 
affinity Ni transporter (Supplementary Table S2 & S3). The second oxygen 
tolerant hydrogenase encoded by the genes hhyS/hhyL described before in 
two thermophilic strains (Mohammadi et al., 2016; Supplementary Table S1) is 
absent in the mesophilic verrucomicrobial strains. 
A phylogenetic analysis of both large and small subunits of the hup-type 
uptake hydrogenases was performed using the most recent classification 
(Vignais & Billoud, 2007; Greening et al., 2016; Søndergaard et al., 2016). We 
found that the verrucomicrobial mesophilic strains hup-type hydrogenases are 
closely related to group 1 hydrogenases (Figure 2). The large subunits of all 
mesophilic strains contain L1 or L2 (or both) motifs identified in Group 1 
hydrogenases. The large subunit of the hydrogenase in strains 3B, 3C, 4AC and 
LP2A is only 46 - 48 % similar to the large subunit of group 1d hydrogenase 
present in thermophilic verrucomicrobial methanotrophs. Likewise, the small 
subunit of the hydrogenase in strains 3B, 3C, 4AC and LP2A is only 41 - 44 % 
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similar to the small subunit of group 1d hydrogenase of Methylacidiphilum 
species. 
 
Figure 2. The uptake hydrogenase gene-based phylogenetic tree of more than 130 bacterial 
species showing both thermophilic and mesophilic strains contain a hydrogenase encoded by 
the genes hupS (small subunit) and hupL (large subunit). In addition, a second hydrogenase 
encoded by the genes hhyS (small subunit) and hhyL (large subunit) were identified only in our 
thermophilic strain SolV and the close relative strain Kam1. The evolutionary history was 
generated using the neighbor-joining method. The percentage of replicate trees in which the 
associated taxa clustered in the bootstrap test is shown next to the branches. The analysis 
involved 136 nucleotide sequences of both large (A) and small (B, next page) subunits of 
hydrogenases. Evolutionary analyses were conducted in MEGA6.  
(*) indicates 4 exceptions including Thiorhodococcus drewsii AZ1, Thiocapsa marina, Salmonella 
enterica and Methylocystis parvus which fit to Group 1e and 1c, in addition to Group 1d 
hydrogenases. 
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Considering the phylogenetic position, motif analysis and the physiological 
results showing hydrogen consumption under oxygen limitation, we propose 
that the hydrogenase present in strain 4AC is closely related to the oxygen 
sensitive Group 1b hydrogenases (Figure 2).  
In the mesophilic Methylacidimicrobium strains for which the most 
complete draft genomes are available (strains LP2A and 3C) the genes 
encoding the hup-type Group 1 hydrogenase show an identical gene clustering 
compared to the thermophilic Methylacidiphilum strains (Figure 3 and 4). 
Unlike the thermophilic strains, the genes encoding the accessory proteins 
(hhaABFCDE) are in close proximity of the functional genes, but on the 
opposite strand (Figure 3 and 4). The draft genomes of the other mesophilic 
strains 4AC and 3B are too fragmented for comparison. 
 
Proteobacteria
Leptospirillum ferrooxidans C2 (BAM08098.1)
Methylacidiphilum infernorum V4 (WP_048810203.1)
Methylacidiphilum fumariolicum SolV (WP_009059757.1)
Methylacidiphilum kamchatkense (WP_039720818.1)
Aquificae
Chlorobi
Aquificae
γ-Proteobacteria
Proteobacteria
Methylacidimicrobium fagopyrum 3C (2518029311)
Methylacidimicrobium tartarophylax 4AC (1383901:1384536)
Methylacidimicrobium cyclopophantes 3B (2518034: 2518963)
Methylacidimicrobium sp. LP2A (2541015192)
Roseiflexus castenholzii DSM 13941 (WP_012121626.1)
Frank ia sp. EAN1pec (WP_020460946.1)
Calditerrivibrio nitroreducens DSM 19672 (WP_013450228.1)
Proteobacteria
Proteobacteria
Proteobacteria
Methanosarcina mazei F420 nonreducing hydrogenase (Q50225)
Proteobacteria
Aquificae
Hydrogenobacter thermophilus (WP_012963103.1)
Chloroflex auranticus J-10-fl (Q3E285)
Streptomyces bottropensis ATCC 25435 (EMF57076.1)
Frank ia sp. CcI3 (ABD10459.1)
Cyanobacteria
γ-Proteobacteria
Crenarchaeota
Sulfolobus islandicus HVE10/4 (ADX82244.1)
Robiginitalea biformata (WP_049764813.1)
Conexibacter woesei (WP_012934013.1)
Actinobacteria
Acidobacteria
Ktedonobacter racemifer (WP_007904649.1)
Pedosphaera parvula (WP_007412920.1)
Chlorobium phaeobacteroides BS1 (ACE04514.1)
Cupriavidus necator (WP_011153986.1)
Acidobacteriaceae bacterium KBS 83 (WP_026335833.1)
Actinobacteria
Nitrolancea hollandica (WP_040666032.1)
Saccharopolyspora spinosa (WP_010696687.1)
Methylacidiphilum fumariolicum SolV (WP_009061233.1)
Methylacidiphilum kamchatkense (WP_039721825.1)
Thermomicrobium roseum (WP_015922820.1)
Actinobacteria
96
94
70
100
100
100
100
99
92
82
58
91
75
94
65
68
99
60
65
100
100
92
100
71
91
100
83
96
100
48
56
100
94
78
68
99
100
60
94
100
100
100
85
0.1
[NiFe] Group 1d 
[NiFe] 
Group 1b 
[NiFe] 
Group 
1h/5 
B
128 
 
 
Figure 3. Gene arrangement (designed by the Snapgene® viewer 3.2.1 software) of the 
hydrogenases in the mesophilic strains LP2A, 3C, 4AC and 3B (top to bottom). Genes are color 
coded as follows: green = large subunit; blue = small subunit; orange = accessory proteins; red = 
b-type cytochrome subunit; purple = putative expression/formation protein; grey = Nickel 
transporter; dark blue = nickel insertion protein. The draft genomes of strains 4AC and 3B are 
fragmented (* = 4AC and 3B contigs). Grey dashed lines designate a break in gene organization. 
 
 
 
 
Figure 4. Gene arrangement (designed by the Snapgene® viewer 3.2.1 software) of the 
hydrogenases in the thermophilic strains SolV (top), kam1 (middle) and V4 (bottom). Genes are 
color coded as follows: green = large subunit; blue = small subunit; yellow = putative 
hydrogenase maturation protease; orange = accessory proteins; red = b-type cytochrome 
subunit; purple = putative expression/formation protein; grey = Nickel transporter; dark blue = 
nickel insertion protein. Grey dashed lines designate a break in gene organization. 
 
Discussion 
The mesophilic and thermophilic verrucomicrobial methanotrophs 
experience low oxygen, acidic (pH 1-2) and hot to moderate (30-70 °C) 
conditions with both methane and hydrogen in the volcanic gasses in their 
natural habitat, the Solfatara crater located at the center of the Campi Flegrei 
caldera (Pol et al., 2007; Chiodini et al., 2001). In this study, using physiological 
*
*
1,000 bp
1,000 bp
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experiments with both batch and continuous culture of strain 4AC we showed 
that this bacterium, similar to strain SolV (Mohammadi et al., 2016 (Chapter 
2)), can grow autotrophically on hydrogen and carbon dioxide, as a real 
“Knallgas” bacterium. During growth on methane, hydrogen oxidation did not 
occur under ambient oxygen concentration and only reached maximum 
activity at O2 concentration below 10 µM in the respiration chamber (8.1 nmol 
O2.min-1.mg DW-1). Growth on hydrogen and carbon dioxide was possible only 
when the flux of oxygen was regulated to obtain a dO2 level below the 
detection limit. Highest growth rates were measured when oxygen was limited 
(below 10 μM in liquid). The maximum growth rate (µmax) on H2 (0.0048 h-1) is 
approximately 14 % compared to the growth rate on methane (van Teeseling 
et al., 2014). The measured yield on hydrogen (2.1 ± 0.2 g DW.mole H2-1) is 
about 40 % compared to that on methane and lower than those reported for 
M. fumariolicum strain SolV (3.4 g DW.mole H2-1; Chapter 2), for ‘Knallgas’ 
bacteria like Ralstonia eutropha (4.6 g DW.mole H2-1; Morinaga et al., 1978) 
and Hydrogenomonas eutropha (5 g DW.mole H2-1; Bongers, 1970). 
Considering the number of electrons available from in CH4 (8e-) and H2 (2e-) 
assuming complete oxidation, the biomass increase can be presented as 0.043 
and 0.085 mole CH2O (biomass) per electron for CH4 and H2, respectively, 
indicating that hydrogen might be a better electron source. 
Recently, Greening et al. (2016) reported on the presence of genes 
encoding different types of hydrogenases in microorganisms from a broad 
diversity of ecosystems, varying from the hypoxic hydrogen-rich habitats of 
animal guts and bog soils to aerated soils and waters carrying small quantities 
of H2. We showed that acidophilic verrucomicrobial methanotrophs, 
represented by Methylacidimicrobium sp. and Methylacidiphilum sp. (Op den 
Camp et al., 2009; Sharp et al., 2014; van Teeseling et al., 2014), possess genes 
encoding hydrogen uptake hydrogenases. Based on the phylogeny of both the 
large and small subunits, the hup-type hydrogenase of strain 4AC belongs to 
the membrane-bound H2-uptake [NiFe]-hydrogenases (Group 1). In contrast to 
strain SolV, the hhy-type hydrogenase which belongs to Group 1h/5 
hydrogenases as they are not membrane anchored (Greening et al., 2016), is 
not present in strain 4AC. The hhy-type was reported as the constitutively 
expressed oxygen insensitive hydrogenase in strain SolV responsible for its 
“Knallgas” growth up to 1.5 % oxygen (Mohammadi et al., 2016). The absence 
of this hydrogenase in strain 4AC explains why growth only occurs under very 
strong oxygen limitation. Both the large and small subunit of the hup-type 
hydrogenases in the mesophilic strains share 40 - 50 % similarity to the group 
1d hydrogenase present in strain SolV. Phylogenetic analysis shows that the 
hup-type hydrogenases of the mesophilic strains cluster with the Group 1b 
hydrogenases (Figure 2). These hydrogenases are mainly found in 
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microorganisms with an anoxic H2
 
respiration or photosynthesis, or supposed 
to be involved in protection against oxygen like in Geobacter sulfurreducens 
(Coppi et al., 2004). Mohammadi et al. (2016) showed that the small subunit 
of hup-type hydrogenases of the verrucomicrobial thermophilic strains contain 
the conserved proximal cluster binding motif with 2 extra cysteines which in 
Ralstonia eutropha have been demonstrated to ligate to an 'exclusive' 
proximal 4Fe3S cluster. This is assumed to result in extra oxygen tolerance of 
the hydrogenases (Fritsch et al., 2011). In contrast, these extra cysteines are 
not present in the small subunits of the hydrogenases of the mesophilic 
strains. Alternatively, in this case the cysteines seem to organize a 4Fe4S 
proximal cluster like in most Group 1 members (except for the Group 1d type). 
However, one of the four cysteines is substituted by an asparagine. In 
addition, the small subunit of both mesophilic and thermophilic strains 
contains conserved cysteines for the medial FeS cluster (3Fe4S coordinating 
with 3 cysteines, as in Group 1b-g) and distal FeS cluster (4Fe4S, coordinating 
with 3 cysteines and 1 histidine, as in Group 1a-h).  
The strong reduction potential of hydrogen may decrease the threshold for 
oxidizing methane. This threshold has been proposed to be controlled by the 
accessibility of reductant required for the first step in methane oxidation. This 
step is carried out by a methane monooxygenase and hydrogen has been 
demonstrated to function as a donor of reducing equivalents (Hanczár et al., 
2002). In the natural ecosystem of strain 4AC, hydrogen levels in volcanic 
gasses are much higher than those of methane (Chiodini et al., 2001). The 
hydrogen might allow the uptake of methane even at atmospheric 
concentrations which was observed in the Solfatara ecosystem (Castaldi and 
Tedesco, 2005). The [NiFe] aerobic H2-uptake hydrogenases have been shown 
to be more widespread in the phylum Verrucomicrobia (Greening et al. 2016; 
Chapter 2), which proposes that Verrucomicrobia might play a role in the 
hydrogen cycle in different ecosystems. 
In conclusion, we showed that strain 4AC can grow on hydrogen only under 
oxygen limited conditions using an extremely oxygen-sensitive hydrogenase.  
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Supplementary Table S1. An overview of the [NiFe] uptake hydrogenases present in the 
verrucomicrobial thermophilic and mesophilic strains isolated in the geothermal environments.  
 
a Available at the MicroScope annotation platform.  
b Large subunit. 
c Small subunit. 
d Mesophilic strains are closely related to Group 1b hydrogenases. 
e The draft genomes of strains 4AC and 3B are fragmented. 
f The large subunit of hydrogenase of strain 3C is present in two pieces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Organism Gene 
name 
Gene ID a Hydrogenase
Group
Methylacidiphilum fumariolicum SolV hupL b
hupS c
hhyL
hhyS
Mfumv2_1564
Mfumv2_1565
Mfumv2_0979
Mfumv2_0978
Group 1d
Group 1d
Group 1h/5
Group 1h/5
Methylacidiphilum kamchatkensis Kam1 hupL
hupS
hhyL
hhyS
JQNX01_v1_10368
JQNX01_v1_10367
JQNX01_v1_60118
JQNX01_v1_60119
Group 1d
Group 1d
Group 1h/5
Group 1h/5
Methylacidiphilum infernorum V4 hupL
hupS
Minf_1320
Minf_1321
Group 1d
Group 1d
Methylacidimicrobium tartarophylax 4AC d hupL
hupS
60380.peg.187 e
60380.peg.186
Group 1b
Group 1b
Methylacidimicrobium fagopyrum 3C d hupL
hupS
VER3v2_90073 f
VER3v2_90074
VER3v2_90072
Group 1b
Group 1b
Group 1b
Methylacidimicrobium cyclopophantes 3B d hupL
hupS
60379.peg.2444 e
60379.peg.2445
Group 1b
Group 1b
Methylacidimicrobium strain LP2A d hupL
hupS
MAMLP_v1_11153
MAMLP_v1_11152
Group 1b
Group 1b
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Methane (CH4) is an essential molecule in the earth’s atmosphere and also 
very important for households and industry (Jacob, 1999; Forster et al., 2007). 
Atmospheric methane contributes directly to the greenhouse effect and it is 
25 to 30 times more effective than carbon dioxide (CO2) (Denman et al., 2007; 
Shindell et al., 2009). Global warming is a worldwide concern and therefore 
understanding sources and sinks of methane is important for future models of 
climate change on our planet. One important sink of methane is microbial 
methane oxidation (performed by methanotrophs) which drastically decreases 
the amount of methane escaping to the atmosphere. Study of methanotrophic 
bacteria is of great importance since they form a biofilter reducing methane 
emissions from both biogenic and abiogenic sources. Furthermore, 
methanotrophic bacteria have various potential biotechnological applications 
such as production of single-cell protein, biopolymers, soluble metabolites 
(methanol, formaldehyde, and organic acids), lipids (biodiesel and health 
supplements) (reviewed in Strong et al., 2015). These features indicate that 
these microorganisms not only play a key role in global climate change but 
also they are essential in industrial applications. 
 
The discovery of the verrucomicrobial aerobic methanotrophs 
The microbial methane oxidation can occur either aerobically or 
anaerobically. Various aspects of anaerobic methane oxidation (AOM) have 
been excellently reviewed in (Knittel & Boetius, 2009; Welte & Jetten, 2015). 
Most methane is oxidized aerobically, with oxygen as electron acceptor, by a 
variety of different microorganisms (see introduction). Lately, two new phyla 
with representatives of aerobic methanotrophs were discovered: the intra-
aerobic NC10 phylum (Raghoebarsing et al., 2006; Ettwig et al., 2010; Hu et 
al., 2014) with Methylomirabilis oxyfera that can convert nitric oxide into 
oxygen and nitrogen gas and the Verrucomicrobia (Dunfield et al., 2007; Pol et 
al., 2007; Islam et al., 2008; van Teeseling et al., 2014). The verrucomicrobial 
methanotrophs of the genus Methylacidiphilum have been discovered in 
geothermal ecosystems by three independent studies in the Solfatara at 
Pozzuoli near Naples (Italy), Hell's Gate, Tikitere (New Zealand) and the Uzon 
Caldera, Kamchatka (Russia) volcanic regions (Pol et al., 2007; Dunfield et al., 
2007; Islam et al., 2008). This discovery showed that natural geological 
sources such as mud volcanoes are also important sinks for methane. All three 
isolates were shown to be able to grow at a pH below 1 and temperatures up 
to 65 °C and Interestingly, based on 16S ribosomal RNA gene analysis, all three 
strains (SolV, V4, and Kam1) were identified as members of the 
Verrucomicrobia phylum and they fit to a single genus for which the name 
Methylacidiphilum was suggested (Op den Camp et al., 2009). 
137 
 
Since 2008, more detailed studies on Methylacidiphilum fumariolicum 
strain SolV were initiated. The draft and full genome of strain SolV were 
obtained using 454 Life Sciences and Pacific Biosciences single-molecule real-
time (SMRT) sequencing technology, respectively (Khadem et al., 2012a; Anvar 
et al., 2014). Furthermore, Khadem et al. (2010) showed nitrogen fixation by 
strain SolV using growth experiments, nitrogenase activity tests and 
phylogenetic analysis of the nifDHK gene (encoding the nitrogenase enzyme). 
These results showed that strain SolV can fix nitrogen in chemostat cultures 
only under low oxygen levels (dO2 = 0.5 %) and ammonium limitation (Khadem 
et al., 2010). Khadem et al. (2011) showed that strain SolV is able to fix carbon 
dioxide in batch and chemostat cultures using 13C-labeling experiments, 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity tests and 
transcriptome analysis. Interestingly, these results showed that the genes 
encoding the large and small subunits of RuBisCO were highly expressed 
(Khadem et al., 2011). Afterwards, the storage of carbon (glycogen) was 
demonstrated in strain SolV once ammonium was depleted (Khadem et al., 
2012c). In this study, the cells were collected at different time points during 
growth in the fed-batch cultures and were used for electron microscopy, 
elemental and biochemical analyses (Khadem et al., 2012). Finally, Khadem et 
al. (2012b) analyzed and compared the transcriptome of cells grown in two 
continuous cultures under nitrogen–fixing and oxygen limited conditions to 
that in exponentially batch growing cells. 
Despite the aforementioned results, many molecular, biochemical and 
physiological aspects of verrucomicrobial methanotrophs are yet unknown 
and unexplored indicating that more studies are required to unravel the 
metabolism of strain SolV. This thesis mainly focused on the biochemistry and 
physiology of one of the verrucomicrobial aerobic methanotrophs, 
Methylacidiphilum fumariolicum strain SolV. In chapter 6, this was expanded 
to the hydrogen metabolism of the mesophilic verrucomicrobial 
methanotroph, Methylacidimicrobium tartarophylax strain 4AC. 
 
Methylacidiphilum fumariolicum strain SolV, a thermoacidophilic ‘Knallgas’ 
methanotroph with both an oxygen sensitive and insensitive hydrogenase 
In many ecosystems other sources of reducing equivalents may be 
available as a potential energy source for methanotrophs, i.e. molecular 
hydrogen. The full genome of strain SolV revealed the presence of two 
hydrogen uptake hydrogenases genes, encoding an oxygen-sensitive (hup-
type) and an oxygen-insensitive enzyme (hhy-type) (Anvar et al., 2014). In 
Chapter 2, using growth experiments (batch and continuous cultures) together 
with transcriptome and kinetics analyses, we showed that Methylacidiphilum 
fumariolicum SolV, is able to grow as a real ‘Knallgas’ bacterium on 
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hydrogen/carbon dioxide, without addition of methane. The hhy-type 
hydrogenase was constitutively expressed and active and supported growth 
on hydrogen alone up to a growth rate of 0.03 h-1, at O2 concentrations below 
1.5 %. The oxygen- sensitive hup-type hydrogenase was expressed when 
oxygen was reduced to below 0.2 %. This resulted in an increase of the growth 
rate to a maximum of 0.047 h-1, i.e. 60 % of the rate on methane. This chapter 
is the first study that shows autotrophic growth on hydrogen and carbon 
dioxide by methanotrophs, suggesting that under natural conditions where 
both hydrogen and methane might be limiting, strain SolV may operate 
primarily as a methanotrophic ‘Knallgas’ bacterium. Furthermore, the high 
oxygen tolerance of the Group 1h/5 hydrogenase in strain SolV makes this 
enzyme a high potential candidate in biotechnological applications. 
 
Nitrosative stress in Methylacidiphilum fumariolicum strain SolV 
The origin of recently discovered methanotrophic verrucomicrobial 
bacterium Methylacidiphilum fumariolicum SolV (The Solfatara volcano, Italy) 
was shown to contain ammonium (NH4+) concentrations in the range of 1-28 
mM (Khadem et al., 2010). Ammonia (NH3) can be converted to toxic 
hydroxylamine (NH2OH) and further to nitrite (NO2-) by the particulate 
membrane monooxygenase (pMMO) and hydroxylamine oxidase enzymes, 
respectively. In the genome of strain SolV, haoAB encoding hydroxylamine 
oxidase and denitrifying genes (nirk, norBC) encoding nitrite and nitric oxide 
reductases are present (Anvar et al., 2014). In Chapter 3, using growth 
experiments combined with transcriptome and kinetics analyses, we show 
that strain SolV performs nitrification at a rate of ≈ 48 nmol.h-1.mg DW-1 under 
O2 limitation in a continuous culture grown on hydrogen (H2) as an electron 
donor, and further it carries out denitrification at a rate of ≈ 74 nmol.h-1.mg 
DW-1 under anoxic condition at pH 5 - 6. Furthermore, at pH 6, we show that 
the affinity constants (Ks) of the cells for NH3 varies from 5 to 270 µM in the 
batch incubations with 0.5 – 8 % (v/v) CH4, respectively, which suggests that a 
competitive inhibition between CH4 and NH3 is possible. Using a transcriptome 
analysis, we show the up-regulation of the hydroxylamine oxidase (haoAB) 
and denitrifying genes (nirk, norBC) of cells grown on H2 compared to the cells 
grown at µmax (with no limitation) supporting our physiological data. These 
observations show that strain SolV can perform nitrification, which produces 
hydroxylamine and nitrite causing a severe nitrosative stress, and further it 
carries out denitrification to handle this stress. Many methanotrophs perform 
partial denitrification and they are able to reduce nitrite (nitrate) to N2O via 
nitrite (nitrate), and nitric oxide reductases (Nyerges et al., 2010; Campbell et 
al., 2011; Kits et al., 2015). The high denitrification rate in strain SolV under 
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anoxic conditions suggests that energy generation by denitrification might be 
possible on inorganic substrates. 
 
Membrane protein complexes of the thermoacidophilic methanotroph 
Methylacidiphilum fumariolicum strain SolV using complexome profiling 
The identification and characterization of enzymes and enzyme complexes 
involved in the primary energy metabolism by mass spectrometry are 
essential for understanding of the biochemistry and physiology of an 
organism. In Chapter 4, a unique proteomics approach focusing on the whole 
membrane fraction, is employed to explore the membrane-associated protein 
complexes involved in energy metabolism of M. fumariolicum strain SolV. 
Protein complexes extracted in their native state were separated by blue 
native polyacrylamide gel electrophoresis, and the profiles of the proteins 
complexes identified by label-free quantitative mass spectrometry were 
constructed by hierarchical clustering. Using this approach, we were able to 
identify 296 unambiguous proteins including important protein complexes in 
methane oxidation pathway (pMMO, MDH, putative membrane-bound FDH), 
carbon fixation (RuBisCO), and the electron transport chain (Complexes I to V). 
Although the important protein complexes involved in the central energy 
metabolism of strain SolV were identified in this research, further studies are 
required to reveal where the cytochrome bc1 (Complex III) is located and how 
it functions with the other complexes. In this chapter, although we showed 
the co-migration of pMMO complex using a bottom-up proteomics approach, 
purification and further crystallization of pMMO complex could be considered 
as a future study to unravel the kinetics characteristics and detailed structure 
of its active site for Cu2+ ion. 
 
Study of different growth substrates for Methylacidiphilum fumariolicum 
strain SolV 
Microbial cycling of organic sulfur compounds especially dimethyl sulfide 
(DMS) and methanethiol (MT) is important to study, because these 
compounds play a vital role in the processes of global warming, acid 
precipitation, and the global sulfur cycle (Lomans et al., 2002). The genome of 
strain SolV harbors a putative methanethiol oxidase encoding gene. The 
corresponding enzyme catalyzes the oxidation of methanethiol to 
formaldehyde (CH2O), hydrogen sulfide (H2S) and hydrogen peroxide (H2O2) 
(Suylen et al., 1987; Gould & Kanagawa, 1992). 
In Methylacidiphilum fumariolicum strain SolV, the initial activation and 
oxidation of methane to methanol is carried by the pMMO enzyme. The 
genome of strain SolV shows the presence of three operons of pmo genes, 
each containing three subunits in the order of pmoC, pmoA and pmoB. It has 
140 
 
been shown that two pmo operons were highly expressed under oxygen 
limited conditions and in the cells grown at µmax (0.07 h-1) (Khadem et al., 
2012b; Mohammadi et al., 2016). Interestingly, the third pmo operon was not 
expressed under any of examined conditions. This prompted us to investigate 
the substrate spectrum of strain SolV in more detail with respect to the short-
chain alkanes ethane (C2H6) and propane (C3H8). The presence of an 
unexpressed pmo operon under oxygen ambient and limited conditions and a 
putative MT oxidase gene in the full genome of Methylacidiphilum 
fumariolicum strain SolV prompted us to examine ethane, propane (short-
chain alkanes) and methanethiol as alternative substrates for growth. In 
Chapter 5, using batch and methanol limited continuous cultures, we showed 
that strain SolV was able to oxidize ethane and propane followed by an 
increase in optical density (OD600). Similarly, we showed that methanethiol 
and in addition, hydrogen sulfide were consumed by strain SolV resulting in 
increase of biomass concentration. To investigate the gene expressions of the 
third pmo operon and the putative MT oxidase, a transcriptome analysis on 
samples taken during ethane, propane, methanethiol, and hydrogen sulfide 
oxidation is required. Furthermore, the complete genome of strain SolV 
contains genes encoding acetate kinase (ackA) and acetyl coenzyme A 
synthase (acsA), and their expression was previously reported (Khadem et al., 
2012b). Preliminary tests showed that using acetate together with methane 
increases the biomass yield. Further studies including transcriptome and 13C 
labeling analyses are required to validate the growth experiments. In addition, 
growth experiments using C3 and C4 compounds at more moderate pH values 
could be also considered as a future study. 
 
Growth of a mesophilic verrucomicrobial bacterium, Methylacidimicrobium 
tartarophylax strain 4AC, on hydrogen using an oxygen sensitive 
hydrogenase 
Lately, van Teeseling et al., (2014) isolated and characterized three new 
species of mesophilic acidophilic verrucomicrobial methanotrophs from 
diverse spots in the Solfatara crater (Campi Flegrei, Naples, Italy). The 16S 
rRNA genes of these new isolates were only about 90 % similar to the 
Methylacidiphilum species. Therefore, the new genus name 
Methylacidimicrobium was proposed including the novel species 
Methylacidimicrobium tartarophylax 4AC, Methylacidimicrobium fagopyrum 
3C, and Methylacidimicrobium cyclopophantes 3B (van Teeseling et al., 2014). 
The draft genomes of mesophilic strains 4AC, 3B, 3C and LP2A (van Teeseling 
et al., 2014; Sharp et al., 2014) revealed the presence of one uptake 
hydrogenase (hup-type). In Chapter 6, using growth experiments (batch and 
continuous cultures), we showed that strain 4AC can grow on hydrogen and 
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carbon dioxide only under oxygen limited conditions using an extremely 
oxygen-sensitive hydrogenase. Furthermore, this hup-type hydrogenase was 
shown to belong to [NiFe] group 1b hydrogenases and responsible for a 
maximum growth rate of 0.0048 h-1 (14 % of the μmax on CH4) and a yield of 
2.1 g DW.Mol H2-1. These results show that under natural conditions where 
both hydrogen and methane might be limiting, strain 4AC may use hydrogen 
for its growth. Detailed transcriptome and kinetics analyses are required to 
achieve a better understanding of functions of this hydrogenase. However the 
high sensitivity of this enzyme towards oxygen could be a major drawback in 
application. 
In addition, to extend our physiological and biochemical knowledge about 
the mesophilic verrucomicrobial methanotrophs including strains 3B, 3C and 
4AC, growth experiments under different conditions, transcriptome, proteome 
and kinetics analyses are required. This will enable us to compare different 
aspects of verrucomicrobial methanotrophs discovered in geothermal areas. 
Furthermore, metagenome and metatranscriptome analyses on 
environmental samples from Solfatara could provide us very helpful 
information to obtain physiological and biochemical potentials of unknown 
microorganisms in this ecosystem. 
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xxiv 
 
Methaan (CH4) is een essentieel molecuul in de atmosfeer van de aarde en 
ook heel belangrijk voor huishoudens en de industrie. Methaan in de 
atmosfeer draagt bij aan het broeikaseffect en is hierbij 25 tot 30 keer 
effectiever dan koolstofdioxide (CO2). Opwarming van de aarde is een 
wereldwijde zorg en daarom is het begrijpen van de bronnen en putten van 
methaan belangrijk voor de toekomstige modellen diede klimaatverandering 
op onze planeet voorspellen. Microbiële methaanoxidatie (uitgevoerd door 
methanotrofe bacteriën) speelt in veel ecosystemen een belangrijke rol bij het 
verminderen van de hoeveelheid methaan die ontsnapt naar de atmosfeer. 
Bestudering van methanotrofe bacteriën is van groot belang, omdat zij een 
soort van biofilter vormen die de methaanemissies van zowel biogene en 
abiogenic bronnen sterk kan verminderen. Daarnaast hebben methanotrofe 
bacteriën verschillende potentiele biotechnologische toepassingen zoals de 
productie van ‘single-cell protein’, biopolymeren, oplosbare metabolieten 
(methanol, formaldehyde en organische zuren), lipiden (biodiesel en 
voedingssupplementen). Deze kenmerken geven aan dat deze micro-
organismen niet alleen een belangrijke rol spelen in de wereldwijde 
klimaatverandering, maar ook een belangrijke rol kunnen spelen in industriële 
toepassingen. 
De microbiële oxidatie van methaan kan zowel aëroob als anaëroob 
plaatsvinden. Een groot gedeelte van het biogeen en abiogeen geproduceerde 
methaan wordt aëroob geoxideerd met zuurstof als elektronenacceptor, door 
verschillende soorten micro-organismen (zie inleiding). Meer recent zijn twee 
nieuwe phyla met vertegenwoordigers van aërobe methanotrophs ontdekt. 
Een van de twee is het  NC10 phylum met als vertegenwoordiger 
Methylomirabilis oxyfera. Deze methanotrofen bezitten een zogenaamde 
intra-aerobe route waarbij ze uit stikstofoxide hun eigen zuurstof maken. Het 
andere phylum is dat van de Verrucomicrobia. De verrucomicrobiële 
methanotrofen behoren tot het genus Methylacidiphilum en ze zijn in drie 
onafhankelijke studies ontdekt in geothermische ecosystemen:  de Solfatara in 
Pozzuoli in de buurt van Napels (Italië), Hell's Gate, Tikitere (Nieuw-Zeeland) 
en de Uzon Caldera, Kamchatka (Rusland). Deze ontdekking toonde aan dat 
natuurlijke geologische methaanbronnen zoals moddervulkanen ook 
belangrijke putten voor methaan zijn. Alle drie de geïsoleerde reincultures 
(isolaten SolV, V4 en Kam1) bleken te kunnen groeien bij een pH beneden de 1 
en temperaturen tot 65°C. De drie isolatenkonden op basis van 16S 
ribosomaal RNA-gen analyse geïdentificeerd worden als leden van het phylum 
Verrucomicrobia en het genus Methylacidiphilum. 
Sinds 2008 zijn meer gedetailleerde studies aan Methylacidiphilum 
fumariolicum stam SolV gestart. Deze bacterie is geïsoleerd uit een 
modderpoel in de Solfatara vulkaan. Het  volledige genoom van stam SolV 
xxv 
 
werd verkregen met behulp van 454 Life Sciences en PacBiosequencing 
technologie. Bovendien werd met behulp van groei- experimenten, 
nitrogenase activiteit tests en fylogenetische analyse van de nifDHK genen 
(coderend voor het nitrogenase enzym) aangetoond dat stam SolV stikstofgas 
kon fixeren. De resultaten toonden aan dat deze stikstoffixatie met name 
optreedt in chemostaatcultures met een laag zuurstofgehalte (dO2 = 0,5 %) en 
ammonium beperking. Khadem et al. (2011) toonde aan dat stam SolV in staat 
is om koolstofdioxide te fixeren door gebruik te maken van de ribulose-1,5-
bisfosfaatcarboxylase / oxygenase (RuBisCO) route. Hierbij werd gebruik 
gemaakt van batch en chemostaatcultures, van 13C-labeling experimenten, 
ribulose-1,5-bisfosfaatcarboxylase / oxygenase (RuBisCO) activiteitstesten en 
transcriptoom analyse. Uit deze laatste analyse bleek dat de genen die voor de 
grote en kleine subunit van het RuBisCO enzym coderen heel hoog tot 
expressie kwamen.  
Op het moment dat tijdens groei de hoeveelheid stikstof (in de vorm van 
ammonium) op raakt maar er toch nog methaan aanwezig is, gaat stam SolV 
koolstof opslaan in de vorm van glycogeen. Om dit aan te tonen werden cellen 
verzameld op verschillende tijdstippen tijdens de groei in ‘fed-batch’ cultures. 
Deze cellen werden vervolgens bestudeerd met behulp van  
elektronenmicroscopie, element analyse en biochemische testen. Om inzicht 
te krijgen in de gen-expressie onder verschillende groeicondities werd het 
transcriptoom (RNA-seq) vergeleken van cellen die gegroeid waren in batch-
culture en in continue cultures onder stikstof-fixerende en zuurstof-beperkte 
omstandigheden. (Khadem et al., 2012b). 
Ondanks alle bovengenoemde resultaten zijn nog veel moleculaire, 
biochemische en fysiologische aspecten van de verrucomicrobiële 
methanotrofen nog niet bekend en niet bestudeerd. Dit betekent dat er meer 
onderzoek nodig is om het metabolisme van stam Solv verder te ontrafelen. 
Dit proefschrift richt zich voornamelijk op de biochemie en fysiologie van de 
verrucomicrobiële aërobe methanotroof, Methylacidiphilum fumariolicum 
stam SolV. In Hoofdstuk 6, wordt dit verder uitgebreid naar de mesofiele 
verrucomicrobiële methanotroof, Methylacidimicrobium tartarophylax stam 
4AC. 
Hoofdstuk 2 richt zich op het waterstof gebruik door M. fumariolicum stam 
SolV. Het  genoom van stam SolV toont de aanwezigheid van twee 
hydrogenase genclusters. Samen met de reeds aangetoonde RuBisCo route 
voor koolstofdioxide fixatie suggereert dit dat stam SolV in staat zou moeten 
zijn om waterstof als alternatieve elektronendonor te gebruiken. Door gebruik 
te maken van fysiologische experimenten met batch en continu cultures, 
respiratie-metingen, kinetiek analyses, fylogenetische en transcriptoom 
analyse werd aangetoond dat stam SolV onder lage zuurstofconcentraties kan 
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groeien als een echte 'Knallgas' bacterie op een mengsel van waterstof, 
zuurstof en kooldioxide , zonder toevoeging van methaan. Omdat het genoom 
van stam SolV ook genen bevat die coderen voor hydroxylamine 
oxidoreductase (haoAB gencluster) en denitrificerende enzymen werd 
onderzocht hoe  stam SolV kan omgaan met ‘nitrosative stress’ als gevolg van 
de omzetting van ammonium door het methaan monooxygenase.  
In Hoofdstuk 3, worden fysiologische testen met behulp van batch en 
continu cultures beschreven gecombineerd met kinetiek metingen en 
transcriptoom analyses. Uit de experimenten bleek dat er competitieve 
remming optreedt tussen methaan en ammonium en dat ammonium omgezet 
kan worden tot nitriet wat zorgt voor ‘nitrosative stress’. Deze stress wordt 
door stam SolV tegengegaan door (gedeeltelijke) denitrificatie uit te voeren 
waardoor het toxische nitriet omgezet wordt in lachgas (distikstofmonooxide). 
In Hoofdstuk 4 is  gebruik gemaakt van een ‘bottom-up high-throughput’ 
proteomics benadering om het complete membraan proteoom van M. 
fumariolicum stam SolV te onderzoeken. Eiwitcomplexen werden in hun 
natuurlijke toestand geëxtraheerd en vervolgens gescheiden door ‘blue native’ 
polyacrylamide gel elektroforese en geanalyseerd met behulp van labelvrije 
kwantitatieve massaspectrometrie. De samenstelling van de complexen werd 
gereconstrueerd door hiërarchische clustering. Met behulp van deze aanpak, 
waren we in staat om 296 eiwitten eenduidig te identificeren waaronder 
belangrijke eiwitten van complexen betrokken bij de  methaanoxidatie route 
(pMMO, MDH, vermoedelijk membraan-gebonden FDH), de koolstoffixatie 
(RuBisCO) en de elektronen transportketen (Complex I tot en met V). 
Hoofdstuk 5 richt zich op het gebruik van alternatieve substraten door 
stam SolV. Methaanthiol (CH3SH) en waterstofsulfide (H2S) consumptie door 
M. fumariolicum stam SolV werd aangetoondmet behulp van fysiologische 
experimenten en gaschromatografie specifiek voor zwavelverbindingen, 
kinetiek metingen en de analyse van totaal organische koolstof (TOC). 
Daarnaast wordt in dit hoofdstuk het gebruik van de hogere alkanen ethaan, 
propaan en butaan door M. fumariolicum stam SolV in batch en continue 
cultures beschreven. 
In Hoofdstuk 6 wordt het gebruik van waterstof door de mesofiele 
verrucomicrobiële methanotroof Methylacidimicrobium tartarophylax stam 
4AC beschreven. Kweekexperimenten in batch en continu cultures in 
combinatie met fysiologische experimenten, respiratie metingen, 
fylogenetische analyse van het hydrogenase eiwit en totaal organische 
koolstof analyse maakten duidelijk dat stam 4AC groeien op waterstof / 
kooldioxide in afwezigheid van methaan. Groei vindt echter alleen plaats 
onder zuurstof-limiterende condities. 
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